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Abstract
The Effects of Laser Etching on Biocompatability and Mechanical Properties of
Polyetheretherketone
by
Andrew I. Deceuster, Doctor of Philosophy
Utah State University, 2014
Major Professor: Dr. Leijun Li
Department: Biological Engineering
Polyetheretherketone (PEEK) is a Federal and Drug Administration (FDA) approved
biomaterial that has been used as an orthopedic implant material due to its inherent prop-
erties. Laser etching has become a popular means to create identification markers on the
individual implants as required by the FDA. The interaction of laser energy with polymeric
materials could potentially cause changes in the material’s biocompatibility and mechani-
cal properties. The objective of this study was to determine the effect of laser energy on
the biocompatibility and mechanical properties of implantable PEEK by measuring contact
angle, micro-tensile testing, finite-element modeling (FEM), and biocompatibility testing
according to International Organization for Standardization (ISO) 10993 for cytotoxicity.
The results of the study showed that the etching characteristics were mostly influenced
by the laser power and the laser pulse spacing. The mechanical properties were degraded
by the laser and the tensile strength of the material was decreased by 50% is some cases.
The laser, however, did not affect the biocompatibility. The biocompatibility testing of
the material showed no cytotoxic effect using an agar overlay method. The contact angle
measurements demonstrated that the laser etching produced a hydrophobic effect to the
surface. The FEM model demonstrated a good correlation between the laser power and
iv
the vaporization of the PEEK material. The results of the study showed the effect of laser
energy on biocompatibility and mechanical properties.
(147 pages)
vPublic Abstract
The Effects of Laser Etching on Biocompatability and Mechanical Properties of
Polyetheretherketone
by
Andrew I. Deceuster, Doctor of Philosophy
Utah State University, 2014
Major Professor: Dr. Leijun Li
Department: Biological Engineering
Polyetheretherketone otherwise known as PEEK is a plastic used in biomedical appli-
cations. The plastic may be used temporarily as a tool guide or be used long term as an
implant. The Federal Drug Administration requires the implants to be individually identi-
fiable. Most implants are laser etched with their identification. The biocompatability of the
laser etched region has not previously been tested. The purpose of the research was to test
the biocompatability and change in mechanical properties of the etched area of the PEEK
plastic. The results showed that the biocompatability of the material was not changed and
still showed excellent biocompatability. The mechanical properties, however, were found to
be reduced by upwards of 50 percent. A computer model was also created to predict the
amount of the plastic that would be vaporized by the laser. The final conclusions were that
the use of laser etching on the plastic would not compromise the biocompatability but the
mechanical properties could be effected based on the intended use of the plastic component.
vi
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1Chapter 1
Introduction
Biomedical engineers have been tasked with the choice of choosing biomaterials to use
for an array of medical devices. Polymers have become an important biomaterial in the
design and manufacturing of biomedical devices due to the ideal mechanical and biological
properties. Polymers are used in the design of orthopedic, cardiovascular, soft and hard
tissue, and dental implants. Metals have been traditionally used for orthopedic implants
due to their favorable mechanical properties. There are several potential negative aspects
associated with using metals, such as corrosion, stress shielding, and catastrophic failures.
These negative aspects have lead to the use of polymers as a replacement material in certain
situations.
Polyetheretherketone (PEEK) has become a polymer of choice for replacing metal in
many different orthopedic implants. PEEK has become popular due to its biocompatibility,
mechanical properties, and ability to withstand sterilization procedures. Due to these prop-
erties, PEEK has become a material of choice particularly for spinal implants and suture
anchors [1].
The interaction of the polymer within the host regardless of implantation site, requires
the implant to have good biocompatibility without the leeching of potentially harmful com-
pounds. As a result several studies have been preformed to determine the biocompatibility
of PEEK, with Rivard et al. finding that PEEK was tolerated by the nervous tissue in a
PEEK spinal implant, as well as Morrison et al., finding that PEEK did not show signs of
cytotoxicity [1, 2].
Polyetheretherketone is a thermoplastic with a semicrystalline microstructure. This
microstructure provides the excellent mechanical and chemical properties that have been
associated with PEEK. Talbot et al., showed that the percentage of crystallinity in PEEK
2changes the tensile and compressive strengths along with the fracture toughness. Thermal
processing of PEEK has been shown to decrease the recrystallization percentage of the
material and lead to a change in mechanical properties [3].
The biocompatibility and mechanical properties of PEEK have been shown to be ac-
ceptable for biomedical implantation. Implant identification is required by law and requires
the marking of individual implants. Laser etching has become a popular solution for cre-
ating implant identification along with markings that aid in surgery, which can be seen in
Figure 1.1. The use of laser etching may present a unique problem. The surface chemistry
of the material no longer resembles that of the bulk material in the etched area.
Fig. 1.1: An example of a laser etch on the surface of a PEEK surgical tool.
This change in surface chemistry is produced by scanning the surface of the implant
with a laser. The thermal energy of the laser and the ultraviolet light of the laser react
with the polymer and causes a degradation of the polymer. This degradation creates the
mark on the surface of the implant in three possible modes, foaming, carbonization, and
3ablation. This degradation can potentially lead to reductions in mechanical strength and
alter biocompatibility. Figure 1.2 shows a typical laser etch made on the surface of PEEK
at fifty times magnification.
Fig. 1.2: Laser etch on the surface of PEEK at fifty times magnification.
In foaming, a raised feature is created by the swelling of the polymer due to the
evolution of gas from the pyrolysis reaction. In carbonization a dark mark is produced
by the surface of the plastic decomposing into carbon from the high light intensity of
the laser. In ablation, the surface of the polymer is removed by setting the energy level
high enough to cause vaporization of the surface of the polymer. Figure 1.3 shows the
depiction of the three modes for creating a laser etch on the surface of a polymer. In
each of these marking modes the chemistry of the polymer has been changed due to the
interaction with the laser. The ablation properties of PEEK have been studied [4] but
the transition of the other modes has not been modeled. Carbonization has been studied
for other polymers using transmission electron microscopy (TEM) and confocal Raman
4microscopy as a means to quantify polymide carbonization [5]. The mode for laser etching
can alter the surface characteristics of the polymer, which can alter the biocompatibility and
mechanical properties. The surface of the polymer can be altered into a roughened state
changing the wettability and biocompatibility as it relates to cell adhesion [6]. Modeling of
the laser etching process to determine the mode of etching needs to be further researched
for PEEK polymer.
Fig. 1.3: The depiction of the three modes for producing laser etch marks on the surface of
a polymer.
The decomposition of the polymer may play a role in the biocompatibility and mechan-
ical properties of the implant. The laser processing of the polymer changes the chemistry
and therefore the properties. This change has been studied on several polymers, however, a
comprehensive study of the effect of laser processing on the biocompatibility and mechan-
ical properties of PEEK has not been preformed. Studies that look at the degradation of
other polymers under laser processing Blazevska-Gilev et al., found that laser ablation of
polyvinylchloride (PVC) reduced the PVC down into vinyl chloride, HCl, C1−4 hydrocar-
bons, benzene, H2, and toluene. Fajgar et al., found similar decompositions of the polymer
when laser treating three different fluoro-polymers. The decomposition of the carbon chains
of the polymer also leads to a decrease in the mechanical properties. Production and reten-
tion of these possibly harmful byproducts of degradation could effect the biocompatibility
and mechanical properties of the PEEK implant. Without a fundamental understanding of
degradation of PEEK in the presence of laser processing, the biocompatibility and mechan-
ical stability cannot be fully characterized and determined.
51.1 Statement of the Problem
Polyetheretherketone has been used as an orthopedic implant material due to its bio-
compatibility and mechanical properties. Laser etching has become a popular means to
create identification markers on the individual implants as required by the federal drug
administration (FDA). The interaction of laser energy with polymeric materials could po-
tentially cause changes in the polymer biocompatibility and mechanical properties. This
study aims to determine the effect of laser processing on the biocompatibility, and me-
chanical properties of implantable PEEK by measuring contact angle, micro-tensile testing,
finite-element modeling (FEM), and biocompatibility testing according to International Or-
ganization for Standardization (ISO) 10993 for cytotoxicity.
1.2 Statement of the Purpose
The main purpose of the study is to provide engineers with an understanding of the
effects of laser etching on the mechanical and biocompatibility properties of PEEK. The
sub-purposes of the study are as follows:
1) To evaluate the effects of the laser etching parameters of the etch contrast ratio,
depth of etch, and change in surface contact angle.
2) To determine the effect of the laser etching on the microstructure of the PEEK
polymer’s semi-crystalline structure.
3) To determine the mechanical properties of the etched zone.
4) To produce a mathematical model to show the temperature field induced by the
laser and determine the resulting mode for etching of the material..
5) To test the cytotoxicity of etched PEEK in accordance with ISO 10993 testing
standards.
1.3 Statement of the Need
The need for the study is founded by industry’s desire to better understand how laser
etching affects the properties of PEEK implants. A second need for the study is to further
6investigate laser degradation of PEEK; because PEEK is a popular polymer used in numer-
ous other industries. Finally, more modeling of pulse laser processing on polymers, and the
thermal history correlated with the microstructure needs additional developed.
1.4 Statement of the Hypothesis
The main hypothesis for the study is that laser etching of PEEK would deteriorate the
mechanical properties, degrade the chemistry and worsen the biocompatibility if harmful
residuals are found. The sub-hypotheses for the study is as follows:
1) The increase in power density of the laser etch would produce a darker etch with a
greater degraded structure.
2) The increase of the darkness of the etch would be produced from two factors, car-
bonization of the polymer and creation of a black body due to the porosity of the surface.
3) The mechanical properties of the etch would decrease at the ablation threshold for
etching due to the removal of material or creation of hole patterns.
4) The cytotoxicity of the etch would be increased in the presence of residual com-
pound and worse at or above the ablation threshold due to the production of more residual
compounds.
1.5 Statement of Assumptions
The following several assumptions are identified in the pursuit of this research study:
1) The PEEK material for the design of experiment (DOE) is to be removed from a
single stock material to ensure a similar chemistry and mechanical properties.
2) The strict material certification for medical grade PEEK ensures that the results
will be applicable to PEEK not used in the study.
3) The parameter setting ranges of the laser systems would be adequate for producing
light to dark etchings on the PEEK in both the carbonization and ablation modes.
4) The repeatability of the laser etching machine would produce similar results for each
given parameter combination.
75) The microstructure of the laser etched PEEK would be detectable by optical, atomic
force, and scanning electron microscopy.
6) The thermal instrumentation for model validation will be sensitive enough to mea-
sure the temperature profiles on the PEEK material from the laser etching.
1.6 Statement of Limitations
The following limitations are inherent in the pursuit of this study:
1) Six replicates of each parameter combinations are to be produced.
2) The base material is limited to PEEK Optima LT.
3) The laser etching is to be produced with a Telesis EV15.
4) The laser spot size is held constant at 0.005” diameter.
5) The percentage of overlap is changed by keeping the frequency constant at 10 kHz
and varying the travel speed.
1.7 Significance of Work
The work presented in this dissertation is significant in several aspects. First, the
cytotoxicity of polyetheretherketone that has undergone laser etching is being characterized
for the first time. Second, the effects of laser etching on PEEK’s mechanical properties
are not currently understood. This work aims to determine this information for the first
time. Finally, the modeling of the laser etching process has been demonstrated by other
researchers, but the focus has been on the ablation of material rather this work will be the
first to use a mathematical model to describe the temperature distribution and color change
in the PEEK material. This model would describe the actual laser etching process for the
purpose of producing an identification mark. The results of the work will benefit industry
and the scientific community.
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Review Of Literature
2.1 Polyetheretherketone Polymerization
In 1977 Imperial Chemical Industries patented a nucleophillic route to produce Polyetherether-
ketone, which opened the door to the alternative polymers such as PEEK. The chemical
composition and structure of PEEK can be seen in Figure 2.1. Attwood et al. stud-
ied the effect of using different bisphenols to produce PEEK. They found that the use
of bis-4-fluorophenyl ketone with the bis-phenoxide from bis-4-hydroxyphenyl ketone in a
polycondensation reaction would produce PEEK [7]. It has also been shown that PEEK
can be synthesized from the reaction of olygoketones and dichloranhydrides with varying
mechanical, molecular structure, and thermomechincal properties [8]. Another method for
synthesizing PEEK comes from the condensation of dihydroxybenzene and difluoroben-
zophenone [1].
Fig. 2.1: The chemical composition and structure for polyetheretherketone.
The polymerization process can determine the resulting properties of the PEEK ma-
terial. PEEK typically has a glass transition temperature Tg around 143
◦C and a melt
transition temperature Tm around 340
◦C [9]. This allows PEEK to be manufactured into
products using traditional polymer processes, which include: injection molding, milling, and
turning with the exception for casting due to its low viscosity. Several studies have been
9carried out to alter these properties to specific applications [7,8,10,11]. These alterations in
polymerization have lead to the development of a medical grade PEEK which is produced
by Invibio Inc. named PEEK-Optima LT. The grade comes in several different versions
depending on processing and desired properties. Optima LT is the only PEEK material to
be FDA approved and has acquired the FDA Device Master File and Drug Master File [12].
2.2 Structure and Stability
The polymerization process for PEEK will determine many of its properties. These
properties are largely effected by the crystalline structure of the polymer. The percent of
crystallinity found in the polymer governs its properties. PEEK is typically comprised of
crystalline and amorphous phases. The crystalline sections will be formed from fine lamellae
that combine into spherulites. The remainder of the polymer will retain an amorphous
structure [13]. Varying the composition of crystallinity can alter the thermal transitions,
thermal stability, and chemical stability of PEEK.
2.2.1 Crystalline Structure and Thermal Transitions
Polyetheretherketone conforms to a two phase semi-crystalline structure comprised of
an amorphous and crystalline phase. The percentage of crystallinity of PEEK is effected by
cooling rate from liquid which is defined by the processing history. Medical grades of PEEK
typically range from 30-35% crystallinity. A range of 0-40% has been produced in several
studies based on processing history [14–18]. Rapid cooling of the PEEK from melting
temperature to room temperature has been shown to produce an amorphous structure
[17, 18], which may only penetrate a few millimeters into the polymer due to the super
cooling needed. This can result in a heterogeneous structure with an amorphous skin on
the surface of a crystalline interior. The amorphous structure produces a lower modulus
of elasticity and tensile strength but shows a higher ductility. The crystalline structure of
PEEK retains a higher modulus of elasticity and tensile strength with lower ductility. The
percentage of crystalline structure can be selected to achieve the desires properties.
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The crystalline phase of PEEK is comprised of lamellae that under certain process-
ing conditions will form large spherulites [13]. The size and density of the lamellae and
spherulites depends on the processing of the polymer from the original melt [19]. If the
spherulites are not large, the microstructure of PEEK would appear to be fine grain in
nature and percentage of crystallinity will become more difficult to determine.
The percentage of crystallinity plays a major role in the thermal transition tempera-
tures for PEEK. The typical glass transition temperature Tg has been reported to be 143
◦C
and the melt transition temperature Tm around 340
◦C [9,20]. The glass transition tempera-
ture can be effected by several factors, which include aging, processing history, crystallinity
percentage. Aging has been shown to alter the mechanical properties of PEEK, the mod-
ulus of elasticity increases while the toughness decreases. The percentage of crystallinity
was shown to decrease with thermal aging [21]. It has been shown that the aging of PEEK
will decrease the creep strength of the material posing possible problems for orthopedic
implants [20, 22, 23]. Ballara et al., showed that the supercooling of the skin on PEEK
injection molded parts would retain an amorphous structure while the core would crys-
tallize and produce different glass transition temperatures based on the distance from the
surface [18]. The percentage of crystallization has been shown by Kalika et al., to produce
a range of glass transition temperatures from 147 to 171◦C, which can be seen in Table 2.1.
Table 2.1: Glass transition temperatures based on the weight fraction of crystallinity (Wc)
[17]
PEEK (Wc) Tg (C)
Amorphous 155
Solvent-crystallized 0.28 187
Solvent-crystallized: Annealed at 300C 0.32 176
Cold-crystallized at 300C 0.38 164
Determining the percentage of crystallinity in the polymer can be accomplished us-
ing several different instruments. The simplest method uses a polarized optical microscope
with permanganic etching of the surface reveals the spherulites and percentage can be deter-
mined [24,25]. More sophisticated methods include: infrared spectroscopy, x-ray diffraction,
scanning electron microscopy, transmission electron microscopy, and Fourier transform in-
11
frared spectroscopy. Infrared spectroscopy was used to measure the intensity of the number
of bands and correlate that to the degree of crystallinity measured by x-ray diffraction [26].
Scanning electron microscopy has been used to show the size and density of the spherulites
in the permanganic etched PEEK material [24, 25, 27]. Transmission electron microscopy
has been used to quantitatively show the crystal percentage in PEEK as well as show the
presence of two different sized lamellae in the matrix [28]. The use of x-ray diffraction has
been at the forefront of determining density of the crystalline and amorphous phases in
PEEK [16,29]. Dawson et al., determined the density of crystalline and amorphous phases
in PEEK using x-ray diffraction. The density for the crystalline phase was determined to
be 1.400 g/cc and the amorphous phase density was determined to be 1.265 g/cc [29].
Raman spectroscopy has been studied as a method for determining the crystallinity of
PEEK. Conventional Raman spectroscopy was problematic due to fluorescence issues but
has been reported as a means of measuring crystallinity [30]. With the development of
Fourier transform, Fourier transform infrared, and surface-enhanced Raman spectroscopy,
measurements of crystallinity have become more accurate using these methods [31–33].
The Fourier transform methods have been demonstrated to eliminate the fluorescence and
provide information of the molecular vibrations of the material [33]. Raman spectroscopy
provides a relatively quick, non-destructive test for crystallinity content with relative ease
although x-ray diffraction still provides the best results [32].
2.2.2 Thermal Stability
The effect of crystallinity on thermal stability is not significant, since the polymer
begins to degrade at temperatures above melting. The thermal stability of PEEK comes
from the high number of aromatic groups in the main chain [34]. It has been shown for
PEEK, the onset of thermal degradation occurs at 575-580◦C [35]. At 600◦C the amount
of mass that is lost increases to 45 %. Carbon monoxide and carbon dioxide have been
reported to evolve out of the PEEK as it decomposes [36]. Regardless of environment,
PEEK undergoes a two step decomposition process. The first and main step is random
chain scission of the ether and ketone bonds [37]. The second step is the oxidation of the
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char formed from the first step of decomposition in the presence of oxygen [35].
The decomposition of PEEK produces several products depending on the tempera-
ture the polymer is exposed to. Tsai et al., studied the decomposition products of PEEK
using thermogravimetry/mass spectroscopy and pyrolysis gas chromatography/mass spec-
troscopy. Their finding showed that at 450◦C 4-Phenoxyphenol and 1,4-Diphenoxybenzene
were formed, at 650◦C CO+CO2 and Diphenyl ether were formed, at 750◦C Phenol, Ben-
zene, Bibenzofuran, Hydroquinone, 4-Dibenzofuranol, 4-Hydroxy-benzophenone, p-Benzo-
quinone, Benzophenone, Biphenyl, Naphthalene, and Fluorine were formed, at 1100◦C 4-
Hydroxybenzophenone, 1,4-Diphenoxybenzene and 4-Phenylphenol were formed [36, 38].
The products organized by temperature can be seen in Table 2.2. They concluded that at the
onset of degradation at 450◦C, the formation of 4-Phenoxyphenol and 1,4-Diphenoxybenzene
was due to the cleavage of chain ends and branches. As the temperature increased the cleav-
age or scission of bonds became random which lead to the formation of the other volatile
compounds. Biomedical implants function at human body temperature and therefore do
not undergo thermal decomposition, however the manufacturing processes used to produce
the implant or to mark the implant can cause thermal degradation, especially when laser
processing is employed.
2.2.3 Chemical Stability
The excellent chemical stability of PEEK is derived from the backbone of Arly rings
that are bonded to the ether and ketone groups. This results in the delocalization of higher
orbital electrons, giving PEEK its inertness to most solvents and environments. It has
been shown that PEEK will react in a 98% solution of sulphuric acid [25]. The crystalline
content of PEEK contributes to the inertness of the polymer. Studies have shown that
the amorphous structure of PEEK can be soluble in several different solvents [39]. The
density of PEEK based on its olygoketones original chain length has been shown to have
good chemical resistance to dilute acids and concentrated hydrogen choloridic acids. The
shorter olygoketones lead to a lower packing density of PEEK and showed an increase in
reaction [8]. The inertness of PEEK is believed to give the polymer its biocompatibility
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Table 2.2: Decomposition products of PEEK by temperature [39]
Temperature Decomposition Product
450◦C 4-Phenoxyphenol
1,4-Diphenoxybenzene
650◦C CO + CO2
Diphenyl ether
750◦C Phenol
Benzene
Dibenzofuran
Hydroquinone
4-Dibenzofuranol
4-Hydroxybenzophenone
p-Benzoquinone
Benzophenone
Biphenyl
Naphthalene
Fluorene
1100◦C 4-Hydroxybenzophenone
1,4-Diphenoxybenzene
4-Phenylphenol
that has been shown in animal models [40]. The polymer has also been shown to not be
chemically damaged in the presence of water for extended periods of time, however, the
absorption of water has been shown to reduce the crystallinity percentage of PEEK [41,42].
Polyetheretherketone does not undergo hydrolysis and has a low water solubility of 0.5w/w%
making it a good candidate for medical implantation.
2.2.4 Mechanical Properties
Polyetheretherketone has been selected for biomedical use based on its excellent me-
chanical properties. The tensile strength of PEEK has been measured and reported in
literature with values ranging from 75 to 150 MPa depending on the structure and tem-
perature of the polymer [8, 15, 43, 44]. Rae et al. demonstrated that the yield strength
of PEEK went from 42.1MPa at 150◦C to 141.3MPA at -50◦C, showing the correlation of
temperature to strength of PEEK [44]. It has also been shown that the molecular density
plays a role in determining the tensile strength of the material, with the higher density
versions of PEEK having higher tensile strengths [8]. There have been conflicting reports
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on the affect of crystallinity and rate of cooling from melt on the tensile strengths. Lee et
al., had reported that the tensile properties are not affected while Cebe et al. reported that
the tensile properties were effected [15,45]. Chivers et al. demonstrated that PEEK of the
same molecular density will vary in elastic modulus, yield stress, and plastic flow behavior
based on the crystallinity [46]. The structure of Polyetheretherketone creates an anisotropy
behavior. The tensile and compressive properties of PEEK have been shown to differ by 30-
40% with compressive stress being higher [44]. The classifying of mechanical properties for
PEEK requires close attention to molecular density, temperature, and the crystallinity. In
biomedical applications, in service temperature is not problematic however the processing
and thermal history of the material becomes important, as they can effect the mechanical
properties. During processing into final products PEEK can form heterogeneous structures
such as injection molding where an amorphous skin can from due to the rapid solidification.
As a result, processing history is an important aspect in determining the final mechanical
properties of PEEK.
2.3 Biocompatability
The biocompatibility properties of PEEK are believed to be derived from the chem-
ical inertness of the polymer. Biocompatibility of PEEK has been studied over the past
few decades with some of the very first animal studies relieving that the polymer showed
minimal negative effects even after 6 months of implantation [40]. Since the late 80’s the
biocompatibility of PEEK has been tested extensively to meet the criteria for acquiring the
FDA Master Files. Further testing has been preformed in accordance with ISO 10993 testing
standards. Cytotoxicity, sensitization, and irritation are the three main test required for all
materials regardless of implant type based on ISO 10993 standards. Polyetheretherketone
has been demonstrated to have no negative effect on all three of the previously mentioned
tests. Each of the three test and results will be further discussed.
2.3.1 Cytotoxicity
Morrison et al. tested the biocompatibility of PEEK using fibroblast and osteoblast
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cells. The cell types were selected as cells that would be in contact with PEEK in orthope-
dic applications. The results showed that the PEEK material stimulated osteoblast protein
levels while not conflicting with the fibroblasts. The PEEK also showed no alterations of
the morphology of the cells [2]. From the results it was determined that PEEK demon-
strated no overt signs of cytotoxicity. Katzer et al. showed a similar result when using
the hypoxanthine-guanine-phosphoribosyl-transferase test for cytotoxicity and mutagene-
sis [47]. The use of composite PEEK materials have been demonstrated to show no adverse
reaction. The materials demonstrated the promotion of proliferation and fibroblast attach-
ment [48,49]. The results of the studies have all demonstrated that PEEK shows no sign of
being a cytotoxic material, however it has been demonstrated that residual polymerization
products can be problematic if not removed by washing the material prior to testing [47].
2.3.2 Sensitization
Sensitization test looks at the adverse reaction of the tissue from exposure to the
material being tested. The immune response of the tissue is the main reaction of interest
in the test. Rivard et al. demonstrated in a study that a PEEK spinal implant in a rabbit
did not show any negative reaction or chronic inflammation in the tissue of the spinal
chord or nerve root [1]. In another inflammatory response study preformed in a spinal
cage implant containing several different polymers, the results showed that, for the PEEK
polymer, an inflammatory response was not problematic [50]. It has been demonstrated
that the implantation of PEEK into a rabbit model elicited no inflammatory response.
The tissue response to the PEEK implant produced only a few inflammatory cells [51].
The inflammatory repose of tissue to PEEK has been tested and determined by several
researchers to produce little to no inflammation. The results have been used to show the
excellent biocompatability of PEEK.
2.3.3 Irritation
Irritation test looks at the response of exposure to the material without the involve-
ment of an immune response. The results of the irritation test have been similar to the
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sensitization, where the PEEK polymer has shown very little irritation of tissue adjacent to
the implant. In the original work by Williams et al., PEEK discs were implanted into rab-
bits and were examined at 4, 9, and 30 weeks showed very mild to no evidence of significant
irritation [40]. More recently the tissue reaction to PEEK was further studied by Nieminen
et al. The implants were implanted into the dorsal subcutis of 12 sheep that were sacrificed
and examined at intervals ranging from 6 to 156 weeks in duration. The results showed that
a fibrous network was found surrounding the implant and the presence of inflammation cells
could be seen at six weeks but decreased over time. The reaction to the foreign material
was not problematic showing a very mild tissue response [52]. The irritation results have
been shown to be minimal and non-problematic for PEEK polymer implants.
2.3.4 Surface Energy
The use of surface energy measurements to determine the hydrophobicity or hydrophilic-
ity has been used as a means of determining the surface energy of a material. The surface
energy helps determine the ability of cells to attach to the material and flatten out over the
surface rather then remained ball and lightly attached to the surface. Numerous techniques
have been applied to the surface to PEEK to decrease its hydrophobicity. These techniques
will be discussed later, however the results of these techniques show an improvement in cell
adhesion and proliferation. Polyetheretherketone has been reported to have a contact angle
of 88 degrees. Experiments have been preformed in which the surface of the material has
been sulfonated in an attempt to decrease the contact angle. Results of the study show that
the contact angle was decreased by over 50 percent reaching down to 40.2 degrees using
water as the solvent [53]. Other approaches change the physical structure of the surface
rather then changing the chemical composition.
The use of plasma and excimer laser in changing the surface energy of PEEK have
been studied in detail. Comyn et al., looked at plasma treating peek with oxygen and
ammonia. The results showed that with oxygen the contact angle was decreased down
to zero while ammonia decreased down to 37◦ from the untreated peek being 71◦ using
water [54]. McKenzie et al. tested argon plasma in addition to oxygen plasma and found
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argon plasma to reduce the contact angle to 45◦ and the oxygen plasma to reduce the contact
angle down to zero. Figure 2.2 shows an example of the set up for measuring contact angle.
However, it was noted that the oxygen treated surface was not stable and an aging affect
was seen where the contact angle would increase from zero up to the upper thirties over
the course of several hours [55]. The response of primary fibroblast and osteoblast has
been studied by Briem et al., in which they plasma treated the surface of peek and cultured
human fibroblast and mouse osteoblast cells on the surface. It was determined to have good
biocompatibility for cell adhesion based on microscopy analysis of cell morphology as well
as histology [56]. The use of excimer laser have also demonstrated the ability to reduce the
contact angle of water on the surface of peek. The increased wettability was a result of the
formation of polar groups on the surface of the material [57, 58]. The results of the study
have demonstrated that by lowering the surface energy of PEEK improved biocompatibility
can be achieved.
Fig. 2.2: The setup for measuring the contact angle on the surface of plasma treated PEEK.
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The calculation of surface energy from contact angle measurements has been demon-
strated in a variety of ways. The method that will be discussed is the geometric-mean
described by Wu [59, 60]. The method expounded on the original Young’s equation which
is as follows:
γSL + γLV cos θc = γSV (2.1)
where γSL , γLV , and γSV are the tensions between the solid and the liquid, the liquid and
the vapor, and the solid and the vapor. For the geometric-mean method the dispersive and
polar components are divided and uses the geometric mean to combine the contributions
from each. Fowke’s equation is derived from the combination of Young’s equation:
Vl(1 + cos θ) = 2[(V
p
l V
p
s )
1/2 + (V dl V
d
s )
1/2] (2.2)
where θ is the contact angle, Vl is the liquid surface tension and Vs is the solid surface
tension. The d and p components of the equation refer to the dispersive and polar compo-
nents of each. The equation solves for free surface energy by summing the two component
forces [61].
2.4 Laser Processing
Laser based processing of PEEK was not well documented in the literature, however
several other polymers have been extensively studied. The reference to these other polymers
will be made to show the possible interactions that maybe seen when interacting PEEK
with a laser. The main focus will be on laser etching of polymers, the degradation that is
caused by laser interaction, and the modeling of laser processing for polymers.
2.4.1 Laser Scanning and Etching
The use of lasers to increase the biocompatibility of polymers has been demonstrated in
several studies [6,62]. Although the studies were not concerned with etching the surface for
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identification, the studies looked at scanning the surface of nylon 6,6 and polyethylenetereph-
thalate (PET) with a CO2 laser for purposes of changing the hydrophilicity to induce better
cell adhesion. The scanning laser produced a roughened surface on the polymers; and, in
the nylon, increased the contact angle while decreasing the contact angle of the PET.
Surface roughening has been typically associated with laser etching for the purpose of
marking. Etching was typically produced by either carbonization, foaming, or ablation of
the polymer. Regardless of the mode the result was a deformation of the surface. The
different modes have been studied to better understand the interaction between laser and
polymer. Foaming is typically found in transparent polymers as a means of etching, however
some gas evolution during the other two modes is present but not regarded as the method
for producing the mark [63]. Carbonization and ablation of polymers has been the focus of
past research studies for laser etching applications.
Carbonization can occur below the ablation threshold as the result of degradation of
the polymer into carbon and carbon compounds. Laurens et al., characterized the surface
of PEEK after threating with an excimer laser below the ablation threshold. The study
reported that the PEEK material underwent a surface reorganization that increased the
wettability . Although the report did not discuss the etch effect, the study did show that
the bonds in the PEEK material were broken and the formation of carboxyls, peroxides or
ester groups were detected [57]. It was not reported if the formations of these new groups
lead to a color change of the surface of the PEEK material, however the tests were preformed
below the ablation threshold and should therefore have been in the carbonization mode.
Carbonization was further studied on PET by Dunn et al. They measured the refractory
index of the laser treated surface to and demonstrated that that change in refractory index
was due to three mechanisms:
1) Polymer cross-linking or bond scission
2) Texturing or increase in porosity
3) Altering polymer morphology
It was determined from experiments that mechanism three was the mode for lowering
20
the refractory index due to the creation of an amorphous surface layer with surface rough-
ening [64]. The pulse duration of the laser was too short to create scission of the bonds to
form carbonization at the surface but long enough to cause a restructuring of the surface
layer. Although carbonization can occur below the ablation threshold given enough time to
allow for bonds to be broken, the majority of etching and production of carbon was formed
above the ablation threshold.
Several studies have investigated the effects of laser ablation of polymers. Most studies
report the presence of carbon or black debris on the surface post ablation [4, 65–67]. The
work done by Babu et al., demonstrated the etching rate of PEEK by the fluence of the laser
per pulse. The results showed that the etch depth reaches plateau when the laser power
density reaches 50J/cm2 [4]. Similar results were shown by Serafetinides et al., but also
showed that the etch rate was correlated with the optical transmission of the material [67].
The papers did not discuss the formation of new compounds or carbon as a result of laser
treating the surface of PEEK. However, the work done by Dyer et al., demonstrated that
during the ablation of PEEK several carbon based compounds are produced. The products
were analyzed using gas chromatography and found to be CO, C2H2, C4H2, and C6H6 [65].
Although not further examined they also found carbon-rich in volatile material around the
ablated area of the PEEK material. Similar carbon based material around the ablated
area has been reported [66]. The production of these gaseous species also correlates with
the results of thermal degradation of PEEK as reported by Patel et al., in which similar
species were found when studying the thermal degradation of PEEK [38]. Methods for
quantifying the carbonization after ablation of a polymer was discussed in the work by
Raimondi et al., in which they used transmission electron microscopy (TEM) and confocal
Raman microscopy to determine the thickness of the deposited carbon [5]. The thickness
was determined from the TEM analysis and calculated from the ratios of the Raman bands
associated with the carbon structures. The information was used to created a two layer
model to describe the thickness of the resulting carbon from laser ablation of polymides.
The formation of residual compounds from laser ablation of PEEK has not been the
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major focus of research and the resulting biocompatibility of the laser ablated surface.
The formation of gaseous species has been described by Dyer et al. The residual carbon
compounds that remain on the surface have not been determined outside of the work by
Patel et al., where the thermal degradation of peek was preformed until ash was all that
remained [38, 65]. Further work is needed to describe the residual compounds present on
the surface of PEEK after laser ablation.
2.4.2 Modeling
Modeling of the laser process has been attempted using several different mechanisms
to explain the ablation process. The main mechanisms modeled have been photothermal,
photochemical, and a combination of the two known as photophysical. Each of these models
can be reduced further by the selection of surface or volume models. The surface models
depict the ablation process as occurring just below the surface while the volume models
depict the ablation taking place in the bulk of the material. The result of the combinations
was five modeling methods to describe the laser ablation of polymers. The five models
were photochemical surface model, thermal surface model, photochemical volume model,
thermal volume model, and volume photothermal model [68].
The photochemical surface model was shown by N. Bityurin to be an appropriate model
for describing ablation when using high irradiation or using long pulses or the combination of
both [69]. The photochemical volume model has been demonstrated to describe the ablation
threshold of the polymer and the increase in ablation depth, however the Arrhenius tails are
not accounted for in the model [70,71]. The photochemical models are based on the direct
bond breakage to occur from the electronic excitation, while the thermal models result in
thermal bond breakage [72–74]. The thermal surface models were originally developed to
describe the ablation of metallic surfaces but have been revised for polymer surfaces. The
models do not take into account the sharp ablation threshold but have been demonstrated
to describe the Arrhenius tail [75,76]. The thermal volume model has been considered as an
oversimplification of the process due to the exclusion of the moving solid/gas interface which
results in over prediction of the temperatures [77,78]. The volume photothermal model was
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produced by Arnold and Bityurin, where they combined the photochemical volume model
with the thermal surface model. The resulting model was capable of predicting the sharp
ablation thresholds along with the Arrhenius tails [79].
The modeling for PEEK ablation was studied by Babu and D’Coutoin. They produced
a model based on the thermal and photochemical decomposition of the PEEK polymer [4].
The following model was used to describe the process:
dtotal = dphoto + dthermal (2.3)
dphoto = β
−1ln (F/Fth) (2.4)
dthermal = A1exp
[
−E∗ (F − Fo)−1 β−1ln (F/Fth)
]
(2.5)
where the total depth of etch is the sum of the photochemical and thermal components of
the model, β was the photon absorption coefficient, F was the incident fluence, Fth was
the threshold fluence, A1 and E
∗ were the effective frequency factor and effective activation
energy [4]. The model was found to fit the experimental results well and describe the etch
rate based on fluence of the laser.
In a later paper by D’Couto and Babu, another model was developed to determine etch
rate based on one dimensional heat transfer and photon absorption [78]. The developed
model was based on the following one-dimensional heat transfer equation:
∂2T
∂x2
=
1
α
∂T
∂t
− A (x, t))
k
(2.6)
where T was the time and position dependent temperature, x was the position, A(x,t)
is the source energy conversion term, α was the thermal diffusivity, k was the thermal
conductivity [78]. The source term was used to describe the photon absorption energy
to calculate the transformation into thermal energy. The source term is described by the
following equation:
23
A (x, t) ' ρ1 (x, t) hv (2.7)
where h was Planck’s constant, v was the frequency of the incident radiation, ρ(x,t) was the
concentration of chromophores in the first excited state at depth x [78]. The experiments
used a UV laser with a 248 and 308 nm wavelength. The experimental results were found
to be in good accordance with the model and was able to predict the sharp threshold due
to the ablation not commencing before the ablation temperature was reached.
A similar model for PEEK was produced by Lasagni et al., where the thermal simu-
lation was based on using a two-dimensional heat diffusion equation with a source energy
conversion term based on time, pulse time, pulse duration, reflectivity, and intensity of
the interference pattern [80]. The model was used to predict the ablated zones and melt
zones in the PEEK material and was found to be in good agreement with the experimental
results seen in Figure 2.7. Models using similar techniques have been produced to study
the ablation of different polymers [74, 81–83]. The studies found that the modeling of the
thermal profile would correlate to the amount of material that would be ablated from the
bulk samples.
2.5 Summary
Research that studied the effect of laser etching on the mechanical and biocompatibility
of PEEK was reviewed. The biocompatibility properties of untreated PEEK are considered
excellent and the material is considered chemically inert. The mechanical properties of un-
treated PEEK are also considered to be excellent. However, most of the studies have looked
at pure PEEK without a laser etched surface treatment. Currently there is not enough
substantial evidence to determine if laser etching the surface will cause a change in the
biocompatibility and mechanical properties. Since all implants require marking for identi-
fication, more research is needed to ensure the biocompatibility and mechanical properties
are not compromised by laser etching the surface of PEEK implants. The purpose of this
study was to evaluate the effect of laser etching on the biocompatibility and mechanical
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properties of PEEK.
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Chapter 3
Methodology
3.1 Project Description
The purpose of this study was to investigate the effect laser etching on the biocompati-
bility and mechanical properties of polyetheretherketone. A 1064-nm Nd:YAG laser system
was used in conjunction with a test matrix to produce 36 etched squares on the surface
of a peek substrate. The samples were then categorized and evaluated to determine the
biocompatibility and mechanical property changes. The information was used to produce
a finite element model describing the process.
3.2 Polyetheretherketone Sample Preparation
The material used in the experiments was PEEK-OPTIMA produced by Invibio. The
material properties supplied by Invibio can be seen in Table 3.1 [84]. The samples used in
the study were 3 inch diameter by 1/4 inch thick discs. The discs were cut from a single bulk
sample of PEEK-OPTIMA to ensure a uniformity in chemical and crystalline compositions.
Once cut from the bulk stock the discs were then faced on a lathe and then polished with a
400-grit abrasive paper to produce a uniform surface finish. Six discs were cut and polished
for the laser etching experiments.
3.3 Laser Etching
The laser etching was produced using a Telesis EV15 marking system, which was
equipped with a 1064-nm Nd:YVO4 laser. The focal spot size of the laser was held constant
at 0.005 inches in diameter. The system was used to etch 36, 1/4 inch by 1/4 inch squares
on the surface of each of the PEEK samples. Figure 3.1 shows the layout for etching the 36
squares with a 37th square being left as unetched base material for comparison purposes.
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Table 3.1: Properties for PEEK-OPTIMA [85]
Property PEEK-OPTIMA
Density 1.29 (gcm−3)
Tensile Strength 14.5 (ksi)
Tensile Elongation 20 (%)
Flexural Modulus 580 (ksi)
Flexural Strength 24.7 (ksi)
Shear Strength 7.7 (ksi)
Shear Modulus 188.5 (ksi)
Compressive Strength 17.1 (ksi)
Poisson’s Ratio 0.4
Rockwell Hardness 99 (M scale)
Unnotched Izod Impact no break
Notched Izod Impact 1.18 (ft-lb/in)
Heat Distortion Temperature 306◦F
Relative Thermal Index 500◦F
24-Hour Water Absorption 0.5 (Wt.%)
Coefficient of Thermal Expansion Below Tg 2.6 * 10−5 ◦F−1
Coefficient of Thermal Expansion Above Tg 6.0 * 10−5 ◦F−1
Melting Temperature 644◦F
The etching was accomplished by pulsing the laser at 10 kHz while scanning the surface of
the peek samples.
Three parameters were selected to be studied using a design-of-experiments method.
The design is based on selecting 3 factors with two factors having 3 levels and the third factor
having four levels. The pulse power, pulse duration and pulse spacing, which were a function
of travel speed and pulse frequency, were the three factors chosen for the study. These
parameters were selected based on the literature as the most important for determining the
fluence of a laser pulse [4, 78, 80] Pulse power and pulse duration were selected to have 3
levels, while pulse spacing was selected to have 4 levels. The three factor levels for pulse
power selected were 65, 75, and 85 percent of the peek power output of the machine, which
was a 15 watt average power. The actual peak power of each pulse was 127.5 watts for
85%, 112.5 watts for 75% and 97.5 watts for 65% of the power. The three factor levels for
pulse duration selected were 10, 15, and 20 microseconds. The four factor levels selected
for pulse spacing were .001, .002, .003, and .004 inches. The levels for each of the three
parameters were selected based on the data provided by the manufacturing technician from
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Fig. 3.1: Layout of the laser etch samples on the PEEK discs.
28
local industry. The levels go below and above the recommended values to capture the full
range of etching effect.
Pulse spacing was produced by holding the frequency of the laser constant and changing
the travel speed. By holding the frequency constant at 10 kHz, the heating rate with respect
to time was the same across the 4 levels. Table 3.2 shows the design of experiments with
the corresponding factor and level combinations for testing.
3.4 Characterization of Laser Etching
After processing of the sample, the samples were characterized based on contrast, depth
of the etch, and contact angle. The results were put into Minitab and a full factorial was run
to determine the statistical significance of each factor and level. The results were used to
create a statistical model to describe the process. The results of the initial characterization
were used to determine an optimal setting for the laser etching parameters. The final
selection of the parameters were based on minimizing the depth of the etch while maintaining
the contrast ratio of the etch. The samples produced by the final parameter selections were
further examined by looking at the microstructural change due to laser etching.
The contrast of the laser etch were the measured comparison of the etch compared
to the untreated surface. The contrast was determined by scanning each of the samples
and measuring the contrast using software on the computer. The software used was Colour
Contrast Analyzer, which looks at the color of the etch from the scan and compares it to the
untreated PEEK. The software then calculates the contrast ratio of the two points selected
from the surface of the sample.
The depth of the etch was measured by sectioning, polishing, and optically analyzing
the samples. The samples were cut and polished down to a 0.5-micron alumina oxide grit.
The depth of the etches were then measured using an optical microscope and digital camera.
The mode of etching was also determined based on the sectioned view of the etch. If material
was removed from the surface then the process was considered ablation. If the material was
just darkened with the removal of material it was considered carbonization.
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Table 3.2: Parameter settings used for the design of experiments.
Sample (#) Power (%of Average Power) Duration of Pulse (s) Pulse Spacing (in)
1 65 10 0.001
2 65 10 0.002
3 65 10 0.003
4 65 10 0.004
5 65 15 0.001
6 65 15 0.002
7 65 15 0.003
8 65 15 0.004
9 65 20 0.001
10 65 20 0.002
11 65 20 0.003
12 65 20 0.004
13 75 10 0.001
14 75 10 0.002
15 75 10 0.003
16 75 10 0.004
17 75 15 0.001
18 75 15 0.002
19 75 15 0.003
20 75 15 0.004
21 75 20 0.001
22 75 20 0.002
23 75 20 0.003
24 75 20 0.004
25 85 10 0.001
26 85 10 0.002
27 85 10 0.003
28 85 10 0.004
29 85 15 0.001
30 85 15 0.002
31 85 15 0.003
32 85 15 0.004
33 85 20 0.001
34 85 20 0.002
35 85 20 0.003
36 85 20 0.004
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The change or the measure of the contact angle was used as a means for determining the
biocompatibility of a material in several studies [53–56], however, in this study the contact
angle was measured to show that change in angle as it relates to the processing parameters.
The contact angle of each of the samples was measured using a AST Products Inc. VCA
Optima using high performance liquid chromatography grade water as the solvent. The
water was loaded into a 50-µL blunt tipped syringe and the drop size used was 1-µL. The
static sessile drop method was used and the measurements are taken 5 seconds after the
drop was applied to the surface to minimize any dynamic effects. The contact angle was
measured using a digital camera and provided software. The contact angle measurements
were compared with that of the untreated PEEK material to determine the effect laser
etching has on surface properties [62].
3.4.1 Statistical Analysis of Results
A design of experiment was run to determine the main effect and interactions of the
laser processing parameters selected for the study. The model selected for the study was a
three-way factorial with the three factors being power, pulse duration, and pulse spacing.
The power had three levels, pulse duration had three levels and pulse spacing had four
levels and there were six experimental units assigned to each factor level combination. The
generic model was:
yijkl = µ+ αi + βj + αβij + γk + αγik + βγjk + αβγijk + ijkl (3.1)
where α was an estimate for power with i being the levels, β was an estimate for pulse
duration with j being the levels, γ was an estimate for pulse spacing with l being the levels.
The µ was the overall mean and  was the random error. The model was then used to
determine the main effects and interactions of the factorial.
A three-way analysis of variance (ANOVA) was used in Minitab to test the null hy-
pothesis of the factorial that the parameters had no effect on the etching. The following
assumptions were made about the error term in the model
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1) The errors were independent
2) The errors were normally distributed
3) The errors had constant variance
The model assumptions are checked using homoscedasticity, trends in the residual plots,
normality tests for skewness and kurtosis for the sample size of n equal to 6. Once the data
is determined to be normal statistical inferences are made regarding the significance of each
factor. An ANOVA is used to determine the main effects and interactions of the model.
The F-test and corresponding P-value are used to determine the effect of each factor. The
cut off alpha level selected for the study is an alpha level of 0.05.
3.4.2 Microstructural Effects
Further microstructural evaluation was conducted on samples based on the mode of
etching. Three categories were used to classify the etches, carbonization, ablation (which
produced organized pores in the surface), and overlapping ablation (which produced a
random porous structure in the material). The samples were classified into these three
sections and the highest contrast ration found in each group was further evaluated. The
samples were polished using a 0.05 micron aluminum oxide grit and chemically etched with
permanganic etching based on the work by Olley et al. describing the etching of PEEK
to show the spherulites [24]. The samples were then examined using a polarized optical
microscope to see the changes that occur in the microstructures and determine the newly
formed structures in the etched and adjacent heat affected zones. The purpose of the further
examination was to determine if localized restructuring of the polymer occurs adjacent to
the etch, creating an amorphous structure as seen in injection molded parts [18], and if the
etch was due to the formation of carbon or the formation of a black body due to the porous
structure.
3.5 Mechanical Property Testing
The measurement of mechanical properties for a polymer that has been etched has not
been reported in literature. This becomes a difficult problem due to the combination of the
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etched and unetched regions producing a composite structure. To eliminate this issue the
polymer needs to be thin enough to allow the etching to either be full depth from one side
of treatment or full depth from treating both sides to eliminate the composite structure.
Tensile testing of thin polymer films has been reported in the American Society for Testing
and Materials (ASTM) standards D882 and D1708. Several studies have reported using
different testing methods than those described in the ASTM standards to find the tensile
properties for PEEK, including various tensile bar sizes and gage lengths, and using various
horizontal cut lengths [8, 15,43,44,85,86].
To measure the change of the mechanical properties of the PEEK polymer, two methods
are used. First, the hardness of the etched region was measured using a Vickers micro-
hardness tester set to 25 g with a load time of 20 seconds [44]. The resulting hardness
numbers were used to show the change in hardness from the base material into the etched
region. Second, the mechanical property change was measured using micro tensile testing.
Due to the limited sample material, film strips were acquired from the bulk sample that
measured 0.004 inches in thickness and were 0.125 inches wide. Due to size requirements,
testing cannot be preformed according to ASTM D1708. The strips were cut into dog bones
coupons using a jig, created a neck that was 0.0625 inches wide by 1 inch long, to maintain a
two to one ratio of material in the shoulders compared to material in the neck. A schematic
of the coupon can be seen in Figure 3.2. The strips were tested in a untreated state and
in an etched state where a laser etching treatment was applied to the surface of both side
of the reduced area. The etching parameters were selected based on the three modes of
etching and were that same parameter settings that are selected for further analysis of the
microstructure. The depth of etch was set so that the depth of the profiles were touching
to minimize the effect of the untreated base material that might exist at the core of the
coupon. The coupon could therefore be considered as 100% etched material for comparison
against the untreated coupons. The test was used to measure the modulus of elasticity,
yield point, and ultimate tensile strength (UTS). The tests were preformed using an MTI
Instruments micro-tensile testing machine, using a strain rate of 2mm/min [85].
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Fig. 3.2: The tensile coupon with the necked area being etched with the shoulders being
unetched.
3.6 Biocompatibility Testing
Biocompatibility testing has been preformed in accordance with ISO 10993-5 testing
standards, and can be referenced in Appendix B. The cytotoxicity of PEEK has been tested
several times in the past and found to pose no toxic effect in its natural state [2, 47–49].
Cytotoxicity testing of PEEK in an etched state has not been found in the literature and was
tested to determine if the chemical changes produced from etching changed the cytotoxicity
of the etched PEEK. The etched samples were sent to Nelson Labs located in Salt Lake City,
where the samples were tested for cytotoxicity following the ISO 10993-5 testing standards
using the Agar overlay method. Etched samples were produced with a surface area of 100
mm2. The samples were first cleaned in an ultrasonic bath and then sterilized by thermal
sterilization. The samples are placed on a layer of agarose and is incubated for 24-26 hours
on a mono-layer of L-929 cells at a temperature of 37 ± 1◦C in 5 ± 1% CO2. The cell
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destruction was then measured on a scale of 0-4 and meets the ISO 10993-5 requirements if
the response measures no more than a 2 [87]. From the results of the testing the cytotoxicity
of the etched regions was compared to that of the untreated base material.
3.7 Process Modeling
The modeling of a single laser pulse has been used in several other studies as a means
to model laser etching [4, 74, 78, 80, 81, 83]. In this study the modeling of a single laser
pulse was considered for modeling the laser etching process. The model was based on three
dimensional heat flow with the heat source being considered a point heat source. The
governing equations and boundary equations for such a model have been shown in the work
by Kou [88]. The governing equation used for the model was as follows:
∂T
∂t
= α
[
∂2T
∂x2
+
∂2T
∂y2
+
∂2T
∂x2
]
(3.2)
or
∂ (T − Ti)
∂t
= α
[
∂2 (T − Ti)
∂x2
+
∂2 (T − Ti)
∂y2
+
∂2 (T − Ti)
∂z2
]
(3.3)
where α and Ti were the thermal diffusivity and initial temperature of the work. The initial
and boundary conditions were:
T (x, y, z, 0)− Ti = 0 [except at (x′, y′, 0)] (3.4)
T (±∞,±∞,∞, t)− Ti = 0 (3.5)
and the energy conservation requirement was:
ρCυ
∫ ∞
0
∫ ∞
−∞
∫ ∞
−∞
(T − Ti) dx dy dz = Q′ (3.6)
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where Q’ was the heat input into the work and the heat loss from the work is neglected.
In the case of a laser a Gaussian heat source was considered and was accounted for by the
following:
q
(
x′, y′
)
=
Q
pia2
exp
{
− (x′2 + y′2)
a2
}
(3.7)
where q(x’y’) was considered the power density distribution of the heat flux and a can be
considered as the effective radius of the heat source. The final equation that describes the
temperature distribution in a semi-infinite work due to Gaussian heat source of radius a
and power Q at time t after the heat source is turned on becomes:
T − Ti = Q
ρCνpi3/2α1/2
∫ t
0
1
(4αt+ a2) t1/2
exp
[
−
(
x2 + y2
4αt+ a2
+
z2
4αt
)]
dt (3.8)
The model was further trained by examining the experimental results and comparing
them to the temperature profile that was created from the model. The temperature fields
that exceed 578◦C was considered vaporized and temperatures exceeding 339◦C was consid-
ered as melted [80]. The cross-sectioned microstructure from the experiments was compared
and the Q value of the model will be corrected to account for the reflectivity of the material
and possible power output reliability of the marking machine.
The purpose for modeling the process was to predict the ablation of the polymer so that
an optimization of the process can be preformed to minimize ablation when etching sensitive
PEEK components. However, dark etches were produced from ablation and gradually
decrease as the distance from the ablated material increases. The model was used to predict
the ablation seen at the surface of the material by correlating the ablation depth from the
experimental results and the temperature profile. Through this process the ablation material
was reduced and the appropriate laser parameters can be used to achieve the desired results
on the surface of the PEEK material.
3.8 Summary of Methodologies
For this study a 1064nm Nd:YAG laser system was used in conjunction with a test
36
matrix to produce thirty-six etched squares on the surface of a peek substrate to investigate
the effect laser etching on the biocompatibility and mechanical properties of polyetherether-
ketone. The samples were then categorized and evaluated by measuring the contrast ratio,
measuring the depth of etch, classifying the etching mode, measuring the surface energy,
and measuring the tensile strength of etched coupons to determine the biocompatibility and
mechanical property changes. The information was used to produce a finite element model
to describe the process and predict the etching mode.
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Chapter 4
Results and Discussion
4.1 Results
4.1.1 Introduction
The use of laser etching PEEK material for medical implants and surgical tools has
not been fully investigated for effect on mechanical and biocompatability properties. The
first step in investigating the changes in properties was the characterization of the process.
A test matrix was developed and preformed to characterize the process for color contrast of
the etched regions, the depth of the etch into the material, contact angle measurements, and
the effect seen in the microstructure of the polymer. The results of the characterization were
statistically analyze to see the effects of each process parameter. The mechanical properties
were then tested to analyze the effect of laser processing. The biocompatability was tested
for cytotoxicity using an agar overlay method. Finally, a model was created to verify the
thermal conditions created during the processing of the PEEK material. The results from
the various test were used to determine the effect of laser processing on mechanical and
biocompatability properties in PEEK.
4.1.2 Laser Etch Contrast
The color contrast was measured from the six PEEK samples that were etched by the
Nd:YVO4 laser. An example of the etched PEEK can be seen in Figure 4.1. The etched
regions were compared to that of the unprocessed PEEK to measure the contrast ratio.
Measurements were taken for each sample from each of the six discs that were processed.
The results of the measurements were then statistically analyzed to determine the effect of
each process parameter on the contrast ratio.
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Fig. 4.1: An example of the laser etch samples on the PEEK discs.
Contrast Measurements Results
The color contrast ratio was measured by scanning the surface of the six etched discs
and measuring the pixel contrasts between the etched areas and the untreated base material,
using Colour Analysis software package. The contrast ratio measurements can be seen in
Table 4.1.
The results from the table demonstrated that certain parameter combinations for etch-
ing produced no contrast change from the base material to the etched region. Samples 2, 3,
4, 6, 7, 8, 10, 11, and 12 were found to have a contrast ratio of 1 which means that there was
no detectable difference in the color measurements or contrast. The other samples varied
from 1.1 to 14.2 in contrast ratio. The contrast values across the 6 disc were averaged to
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Table 4.1: Contrast ratio measurements for the samples from each of the six replicates.
Sample (#) Disc 1 Disc 2 Disc 3 Disc 4 Disc 5 Disc6 Average
1 1.4 1.4 1.4 1.4 1.4 1.3 1.4
2 1.0 1.0 1.0 1.0 1.0 1.0 1.0
3 1.0 1.0 1.0 1.0 1.0 1.0 1.0
4 1.0 1.0 1.0 1.0 1.0 1.0 1.0
5 1.4 1.4 1.3 1.3 1.3 1.3 1.3
6 1.0 1.0 1.0 1.0 1.0 1.0 1.0
7 1.0 1.0 1.0 1.0 1.0 1.0 1.0
8 1.0 1.0 1.0 1.0 1.0 1.0 1.0
9 1.4 1.4 1.4 1.3 1.3 1.3 1.4
10 1.0 1.0 1.0 1.0 1.0 1.0 1.0
11 1.0 1.0 1.0 1.0 1.0 1.0 1.0
12 1.0 1.0 1.0 1.0 1.0 1.0 1.0
13 12.5 12 11.7 12.5 11.8 12 12.1
14 3.4 3.2 3.4 3.4 3.2 2.8 3.2
15 1.3 1.3 1.3 1.3 1.4 1.2 1.3
16 1.1 1.1 1.1 1.1 1.1 1.1 1.1
17 12.2 11.9 13.9 12.1 13 12.6 12.6
18 3.0 3.2 3.7 3.7 3.8 3.1 3.4
19 1.4 1.3 1.4 1.4 1.4 1.3 1.4
20 1.2 1.2 1.2 1.2 1.2 1.1 1.2
21 12.1 12.3 12.2 12.9 11.6 12.4 12.3
22 2.9 3.0 3.3 3.6 3.2 2.9 3.2
23 1.4 1.3 1.3 1.3 1.3 1.2 1.3
24 1.2 1.2 1.2 1.1 1.1 1.1 1.2
25 13.6 13.5 13.9 13.0 13.3 12.9 13.4
26 10.1 9.5 9.7 10.5 10.1 10.3 10.0
27 5.0 4.9 4.7 5.4 4.7 4.5 4.9
28 2.4 2.4 2.4 2.6 2.3 2.3 2.4
29 13.7 14.2 13.4 13.3 12.6 13.4 13.4
30 10.6 9.9 10 9.3 9.8 10.1 10.0
31 4.6 4.6 4.7 5.3 5.2 5.0 4.9
32 2.5 2.3 2.4 2.5 2.5 2.4 2.4
33 13.7 14.3 13.5 13.8 13.5 13.8 13.8
34 11.1 10.1 10 10.5 9.9 10.2 10.3
35 4.2 4.1 4.5 4.7 4.4 4.6 4.4
36 2.2 2.1 2.2 2.4 2.2 2.3 2.2
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look for general trending. The contrast ratio increased as the input energy increased and as
the energy density increased due to smaller spot spacing. Statistical analysis was preformed
to better correlate the parameters with the contrast results.
Contrast Statistical Analysis Results
An experimental DOE was run and analyzed using the general linear model to deter-
mine the effects of parameters on the contrast ratio for the etched squares. The response
data for contrast ratio was plotted to check for trends or abnormalities. The plots that were
used were the probability plot, box plot, histogram, and run order plot. The probability
plot showed that the data to be not normal due to the curvature in the plot. The resulting
P-value for normality was less than 0.005. The boxplot was heavily weighted towards the
lower end where a majority of the data lies. The histogram demonstrates a structure which
may be accounted for in the response model. The response variable is bimodal in appear-
ance in the histogram. The run order plots does not indicate a significant time effect on
the response. The four plot can be seen in Figure 4.2.
The response data was plotted by categorical variables for grouping using box plots
to analyze change in mean and variance at the different factor levels. The box plots for
the different variables can be seen in Figures 4.3, 4.4, and 4.5. From the plots it can be
seen that the power factor and spacing factor both changed in mean and variance across
the factor levels. Pulse duration remained constant in mean and variation across the factor
levels. As a result the plots demonstrate that power and pulse spacing change the average
response level while pulse duration does not.
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Fig. 4.2: The four plots for the response variable contrast ratio.
Fig. 4.3: The boxplot of the power factor levels for the contrast ratio response.
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Fig. 4.4: The boxplot of the pulse duration factor levels for the contrast ratio response.
Fig. 4.5: The boxplot of the pulse spacing factor levels for the contrast ratio response.
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The data was analyzed using the general liner model. The results of the analysis of
variance for contrast ratio can be seen in Table 4.2. The analysis of the data demonstrated
that power and pulse spacing were significant factors with a P-value less than 0.05. The
pulse duration factor had a P-value of 0.206, which was above the threshold set at 0.05.
The pulse duration was therefore not found to be significant. The two way interaction for
power and pulse spacing was found to be significant with a P-value of 0.000, while the two
way interactions for power and pulse duration (p-value 0.164), and pulse duration and pulse
spacing (p-value 0.178) were found to be not significant. The three way interaction between
the three factors was found to be significant with a p-value of 0.009. The sequential sums of
squares was 1.86 for the three way interaction and when compared with the total, was found
to be insignificant. The R-squared for the model was 99.7% and the adjusted R-squared for
the model was 99.68%. The model was able to account for 99.68% of the variation seen in
the process.
Table 4.2: Analysis of variance for contrast ratio, using adjusted ss for tests.
Source DF Seq SS Adj SS Adj MS F P
Power 2 1562.39 1562.39 781.19 11622.65 0.000
Pulse Duration 2 0.21 0.21 0.11 1.60 0.206
Pulse Spacing 3 1864.09 1864.09 621.36 9244.70 0.000
Power*Pulse Spacing 6 1035.71 1035.71 172.62 2568.22 0.000
Power*Pulse Duration 4 0.44 0.44 0.11 1.65 0.164
Pulse Duration*Pulse Spacing 6 0.61 0.61 0.10 1.51 0.178
Power*Pulse Duration*Pulse Spacing 12 1.86 1.86 0.16 2.31 0.009
Error 180 12.10 12.10 0.07
Total 215 4477.41
DF - degrees of freedom
Seq SS - sequential sums of squares
Adj SS - adjusted sums of squares
Adj MS - adjusted mean square
The main effects and interaction plots for the three factors can be seen in Figures
4.6 and 4.7. The main effects plot demonstrates the linearity of the power and duration
factors, while the spacing factor has curvature through the different levels. The interaction
plot shows a strong interaction between the power and spacing, which can be seen in the
high acute angles between the lines. The interactions between spacing and duration and
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power and duration are not significant, which is apparent by the lines being parallel in
nature.
Fig. 4.6: The main effects plot of the three factors power, duration, and spacing for the
contrast ratio response.
The model was simplified by removing the not significant factors. The main effect pulse
duration, the two way interactions involving pulse duration and the three way interaction
were removed from the model. Although the three way interaction was found to be signifi-
cant, the sequential sums of squares for the three way interaction compared the sequential
sums of squares for the error was so small that it is considered insignificant. The new model
was analyzed using the general linear model and the results can be seen in Table 4.3.
Before the model could be accepted, the residuals were examined to ensure model
assumptions could be meet. The residuals were examined in a normal probability plot,
versus fits plot, histogram, and versus order plot. The plots can be seen in Figure 4.8.
The probability plot shows there may be outliers present due to the deviation from the
probability line. The versus fit plot shows a megaphoning effect, which would imply the
variance is not independent. The histogram appears normal. The versus order plot does not
show a trend with time. The plots indicate there is a problem with the model assumptions.
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Fig. 4.7: The interaction plot of the three factors power, duration, and spacing for the
contrast ratio response.
Table 4.3: Analysis of variance for contrast ratio reduced model, using adjusted ss for tests.
Source DF Seq SS Adj SS Adj MS F P
Power 2 1562.39 1562.39 781.19 10466.45 0.000
Pulse Spacing 3 1864.09 1864.09 621.36 8325.05 0.000
Power*Pulse Spacing 6 1035.71 1035.71 172.62 2312.74 0.000
Error 204 15.23 15.23 0.07
Total 215 4477.41
DF - degrees of freedom
Seq SS - sequential sums of squares
Adj SS - adjusted sums of squares
Adj MS - adjusted mean square
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Fig. 4.8: The residual plots for contrast ratio
A Box-Cox transformation was used to determine if a transformation could be used to
obtain residuals that would meet the model assumptions. The lambda value was optimized
by Minitab and selected to be -.5. The general linear model was run using the transformed
data and the results can be seen in Table 4.4. The main effects and the two way interaction
were still found to be significant factors in the model. The R-squared for the model was
99.66% and the adjusted R-squared was 99.64%.
The residuals for the Box-Cox transformed data were plotted in the same four plots
as the raw data, which can be seen in Figure 4.9. The presence of outliers has diminished.
The residuals appear to be independent and more normally distributed. The residuals of
the transformed data do not indicate any serious violation of the model assumptions. With
the model assumptions met, the reduce model can be accepted. From the reduced model
it can be determined that the contrast ratio of the etched squares is highly affected by the
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Table 4.4: Analysis of variance for Box-Cox transformed contrast ratio reduced model, using
adjusted ss for tests.
Source DF Seq SS Adj SS Adj MS F P
Power 2 10.5444 10.5444 5.2722 25274.63 0.000
Pulse Spacing 3 4.8118 4.8118 1.6039 7689.06 0.000
Power*Pulse Spacing 6 1.9378 1.9378 0.3230 1548.27 0.000
Error 204 0.0426 0.0426 0.0002
Total 215 17.3365
DF - degrees of freedom
Seq SS - sequential sums of squares
Adj SS - adjusted sums of squares
Adj MS - adjusted mean square
laser power, the pulse spacing, and the interaction of laser power and pulse spacing.
The general linear model was used to derive a predictive equation for the contrast ratio
of the etching process on the PEEK polymer. The final equation is as follows:
(Contrast Ratio)−.5 = −3.1874 + 0.0378(Power) + 191.708(PulseSpacing)
+ 4.3228(Power ∗ PulseSpacing) (4.1)
The model response is raised to the -.5 to compensate for the Box-Cox transformation that
was performed earlier to correct for the data to meet the model assumptions.
4.1.3 Depth of Laser Etch
Depth of Etch Measurement Results
Following the contrast measurements the 6 discs were mircographed looking down on
the etched region. The micrographs were used to determine which mode of etching had
taken place during laser processing. After the micrographs were taken the 6 discs were
sectioned down the center of the etched squares and roughly polished with 600 grit silicon
carbide papers. The sectioned pieces were then mircographed again to determine the depth
of the etch for each parameter set. The measurements were taken and statistically analyzed
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Fig. 4.9: The residual plots for the Box-Cox transformation of contrast ratio.
using a DOE to determine the effects of each parameter on the depth of etch.
The top down micrographs were used to determine the etch mode for each of the
parameter combinations. The micrographs showed two modes for the etching. The first
mode seen was the carbonization of the surface and subsurface of the polymer. The second
mode for etching was the ablation of the material on the surface and the carbonization of
the material not only on the surface but partial into the subsurface of the part. An example
of the micrographs of the two etch modes can be seen in Figure 4.10.
The sectioned micrographs were used to measure the depth of etch by measure the
depth from the surface to the deepest carbonized area. An example of the micrographs
taken for the two etch modes can be seen in Figure 4.11. The measurements were taken
and can be found in Table 4.5.
The results from the table showed the range for the depth of etch was from 9.7-160.6
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Fig. 4.10: The figure on the left shows that carbonization of the polymer at the surface
while the figure on the right demonstrates the carbonization and ablation at the surface of
the polymer.
Fig. 4.11: The cross-section views of etched PEEK without ablation on the left and ablation
on the right.
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Table 4.5: Depth of etch measurements for the samples from each of the six replicates.
Sample (#) Disc 1 Disc 2 Disc 3 Disc 4 Disc 5 Disc6 Average
1 54.2 56.5 47.8 43.1 51.3 57.1 51.7
2 23.3 29.1 27.9 20.4 28.1 22.7 25.2
3 30.8 28.6 26.3 24.5 14.5 19.3 24.0
4 10.5 12.1 11.5 10.0 9.7 10.6 10.2
5 36.7 56.6 64.6 44.9 41.5 58.3 50.4
6 38.5 46.0 34.9 38.5 35.4 40.1 38.9
7 30.4 26.3 29.2 23.3 29.2 23.3 27.0
8 11.6 16.3 26.8 14.0 14.7 14.7 16.3
9 47.2 54.7 45.4 55.8 50.8 49.0 50.5
1 0 25.6 29.9 29.7 28.6 28.1 27.9 28.3
11 22.7 29.9 29.7 28.6 28.1 27.9 27.8
12 22.7 32.6 28.6 27.9 28.1 29.7 28.3
13 121.8 128.3 135.8 144.0 134.2 134.0 133.0
14 68.2 70.0 68.7 70.5 82.3 74.0 72.3
15 33.9 36.7 36.7 34.4 32.0 37.9 35.5
16 17.0 25.6 18.8 21.5 18.8 20.9 20.4
17 89.3 96.8 99.7 97.3 101.4 98.6 97.2
18 96.0 112.5 94.7 104.1 91.6 100.9 99.9
19 49.0 34.8 33.8 43.1 36.7 34.8 38.7
20 35.9 30.8 32.6 34.3 34.3 36.1 34.0
21 128.1 120.6 129.8 128.4 122.6 128.1 126.3
22 61.7 58.6 66.6 59.9 46.4 65.8 59.8
23 61.0 59.1 52.2 54.8 61.0 62.0 58.4
24 40.6 45.5 49.3 46.8 50.1 42.8 45.9
25 117.2 119.3 118.5 131.1 138.1 118.3 123.7
26 160.6 153.9 158.2 147.4 150.6 146.6 152.9
27 121.3 124.4 112.1 125.8 110.5 114.3 118.1
28 72.8 65.3 74.9 89.6 82.4 71.6 76.1
29 127.3 126.0 122.2 127.3 125.2 126.8 125.8
30 141.0 132.2 149.8 130.6 139.1 133.4 137.7
31 105.4 111.0 98.7 98.3 115.4 111.4 106.7
32 60.6 78.7 66.1 69.0 71.2 75.7 70.2
33 122.2 121.4 123.4 123.9 120.6 114.6 121.0
34 142.2 130.1 121.4 163.7 143.6 146.9 141.3
35 124.9 108.7 117.2 102.7 112.1 103.8 111.6
36 73.6 72.0 71.5 65.3 66.1 70.7 69.9
All values are in micrometers
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micrometers. The depth of etch values across the 6 discs were averaged for general trending.
One trend that can be seen is with all other factors held constant the pulse spacing varied
the depth of etch drastically. The tighter pulse spacing produced overlapping pulses that
allowed additional energy to be absorbed into the material rather then be reflected due to
the carbonization of the surface by the prior pulse. A statistical analysis was preformed to
better correlate the parameters with the depth of etch.
Depth of Etch Statistical Analysis Results
An experimental DOE was run and analyzed using the general linear model to deter-
mine the effects of parameters on the depth of etch for the etched squares. The response
data for depth of etch was plotted to check for trends or abnormalities. The plots that were
used were the probability plot, box plot, histogram, and run order plot. The probability
plot showed that the data to be non-normal due to the curvature in the plot. The resulting
P-value for normality was less than 0.005. The boxplot looks rather normal with no out-
liers present. The histogram demonstrates a structure which may be accounted for in the
response model. The response variable is bimodal in appearance in the histogram. The run
order plot does not indicate a significant time effect on the response. The four plots can be
seen in Figure 4.12.
The response data was plotted by categorical variables for grouping using box plots to
analyze change in mean and variance at the different factor levels. The box plots for the
different variables can be seen in Figures 4.13, 4.14, and 4.15. From the plots it can be
seen that the power factor and spacing factor both changed in mean and variance across
the factor levels. Pulse duration remained constant in mean and variation across the factor
levels. As a result the plots demonstrate that power and pulse spacing change the average
response level while pulse duration does not.
The data were analyzed using the general linear model. The results of the analysis of
variance for depth of etch can be seen in Table 4.6. The analysis of the data demonstrated
that all of the main factors, two way interactions and the three way interaction were signif-
icant, with a P-value less than 0.05. Although pulse duration was found to be significant,
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Fig. 4.12: The four plots for the response variable depth of etch.
Fig. 4.13: The boxplot of the power factor levels for the depth of etch response.
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Fig. 4.14: The boxplot of the pulse duration factor levels for the depth of etch response.
Fig. 4.15: The boxplot of the pulse spacing factor levels for the depth of etch response.
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the sequential sums of squares was 227 and in comparison to the total, it was insignificant.
However, the two way interactions had much higher sequential sums of squares making it
necessary to keep in the model. The R-squared for the model was 98.4% and the adjusted
R-squared for the model was 98.09%. The model was bale to account for 98.06% of the
variation seen in the process.
Table 4.6: Analysis of variance for contrast ratio, using adjusted ss for tests.
Source DF Seq SS Adj SS Adj MS F P
Power 2 239021 239021 119511 3351.41 0.000
Pulse Duration 2 227 227 113 3.18 0.044
Pulse Spacing 3 101149 101149 33716 945.50 0.000
Power*Pulse Duration 4 1806 1806 451 12.66 0.000
Power*Pulse Spacing 6 38487 38487 6414 179.88 0.000
Pulse Duration*Pulse Spacing 6 5431 5431 905 25.38 0.000
Power*Pulse Duration*Pulse Spacing 12 8806 8806 734 20.58 0.000
Error 180 6419 6419 36
Total 215 401345
DF - degrees of freedom
Seq SS - sequential sums of squares
Adj SS - adjusted sums of squares
Adj MS - adjusted mean square
The main effects and interaction plots for the three factors can be seen in Figures 4.16
and 4.17. The main effects plot demonstrates the linearity of the power, pulse duration, and
pulse spacing factors. The main effect plot also demonstrates the larger effects seen by power
and pulse spacing, while pulse duration has little effect on the process. The interaction plot
shows a strong interaction between the power and spacing, which can be seen in the high
acute angles between the lines. The interactions between spacing and duration and power
and duration are statistically significant, but hard to interpret from the plot.
Before the model could be accepted, the residuals were examined to ensure model
assumptions could be meet. The residuals were examined in a normal probability plot,
versus fits plot, histogram, and versus order plot. The plots can be seen in Figure 4.18.
The probability plot shows the residuals to follow the line with the exception of two on the
tails, which could be outliers. The versus fit plot does not appear to have any trends and
therefore the residuals are independent. The histogram looks to be normal. The versus
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Fig. 4.16: The main effects plot of the three factors power, duration, and spacing for the
depth of etch response.
order plot does not show a trend with time. The plots indicate that there is no major
problems with the model assumptions. No transformations were required with the data set.
The model due to the significance of each factor and interaction was not reduced any further.
From the results of the analysis the depth of etch appears to be significantly influenced by
the power level and pulse spacing levels, and their interactions.
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Fig. 4.17: The interaction plot of the three factors power, duration, and spacing for the
depth of etch response.
Fig. 4.18: The residual plots for contrast ratio
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The general linear model was used to derive a predictive equation for the depth of etch
of the etching process on the PEEK polymer. The final equation is as follows:
(Depth of Etch) = −225.9 + 4.8659(Power) − 2.5808(Pulse Duration)
− 33155.4(Pulse Spacing) + 0.0167(Power ∗ Pulse Duration)
+ 61.8192(Power ∗ Pulse Spacing)
+ 3023.71(Pulse Duration ∗ Pulse Spacing)
− 32.0907(Power ∗ Pulse Duration ∗ Pulse Spacing) (4.2)
The model response is not transformed, making interpretation of the equation more direct.
4.1.4 Contact Angle
Contact Angle Measurement Results
The contact angles were measured from the six PEEK samples that were etched by
the Nd:YVO4 laser. An example of the contact angle measurement for the etched PEEK
can be seen in Figure 4.19. The etched regions were measured and compared to that of the
unprocessed PEEK polymer. Measurements were taken for each sample from each of the
six discs that were processed. The resulting measurements can be seen in Table 4.7. The
contact angle measurements were taken using a AST Products Inc. VCA Optima using
high performance liquid chromatography grade water as the solvent. The static sessile drop
method is used and the measurements are taken 5 seconds after the drop is applied to the
surface to minimize any dynamic effects. The contact angle was measured using a digital
camera and provided software.
The results from the table demonstrated that certain parameter combinations produced
contact angle measurements above and below that of the untreated PEEK polymer. The
etching on average produced contact angle measurements that were higher then that of
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Table 4.7: Contact angle measurements for the samples from each of the six replicates.
Sample (#) Disc 1 Disc 2 Disc 3 Disc 4 Disc 5 Disc6 Average
1 101.6 102.1 100.4 100.6 100.2 100.7 100.9
2 100.2 100.7 100.3 101.3 99.9 101.4 100.6
3 101.1 101.7 98.3 97.7 99.8 101.0 99.9
4 101.0 99.3 100.2 101.3 99.8 99.7 100.2
5 105.0 104.5 108.9 108.1 103 103.4 105.5
6 105.4 106.3 105.5 106.4 107.2 108.2 106.5
7 106.0 104.6 107.9 107.5 103.9 104.2 105.7
8 101.4 101.7 102.0 101.5 100.6 101.5 101.5
9 106.7 107.7 105.7 104.9 109.3 108.1 107.1
10 101.0 100.7 102.9 102.9 101.6 103.5 102.1
11 100.4 100.8 101.3 100.6 102.1 101.6 101.1
12 101.3 102.5 102.4 101.9 102.3 100.4 101.8
13 108.3 107.1 108.0 107.2 10.09 107.0 107.8
14 105.4 106.6 106.3 106.8 107.5 107.4 106.7
15 104.2 105.5 103.8 104.5 105.2 104.8 104.7
16 103.5 104.6 103.2 104.5 104.6 106.4 104.5
17 113.7 112.8 109.1 111.1 107.4 108.3 110.4
18 109.0 108.9 109.5 108.1 107.3 109.0 108.6
19 105.2 105.8 106.9 107.4 105.9 105.6 106.1
20 103.2 104.3 105.4 104.6 105.0 103.4 104.3
21 112.7 112.6 111.6 110.6 111.2 110.8 111.6
22 109.6 110.2 108.6 107.5 112.0 111.4 109.9
23 108.7 107.4 109.5 107.9 107.5 107.2 108.0
24 104.0 103.4 103.2 102.5 104.7 104.2 103.7
25 118.7 117.6 119.0 118.9 117.8 117.3 118.2
26 101.3 102.5 100.8 101.6 102.4 100.4 101.5
27 103.3 102.9 103.4 104.1 101.8 103.1 103.1
28 97.4 99.5 99.4 97.5 98.5 97.9 98.4
29 120.7 120 118.1 119.9 120.2 119.5 119.7
30 97.1 97.7 96.5 98.2 99.8 100.9 98.4
31 92.3 91.7 90.9 93.7 94.0 92.7 92.6
32 95.4 96.1 94.7 95.7 96.7 94.3 95.5
33 120.6 121.3 118.9 119.1 118.6 120.3 119.8
34 79.8 78.4 74.4 75.2 76.2 73.3 76.2
35 95.1 95.1 94.3 96.8 97.4 97.5 96.0
36 98.4 96.2 96.3 95.0 97.9 95.2 96.5
Base 98.7 99.3 99.6 98.9 99.9 98.6 99.2
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Fig. 4.19: A picture of the water droplet on the surface and the resulting contact angle
measurement
the untreated PEEK material, however due to changes in the geometry of the surface
due to certain parameter condition the contact angle measurements decreased. This was
particularly noticeable in sample 34. The resulting data were statistically analyzed to
determine the effects of each parameter on the contact angle measurements.
Contact Angle Measurement Statistical Analysis
An experimental DOE was run and analyzed using the general linear model to deter-
mine the effects of parameters on the contact angle for the etched squares. The responses
for the contact angle were plotted to check for trends or abnormalities. The plots that were
used were the probability plot, box plot, histogram, and run order plot. The probability
plot showed that the data to be non-normal due to the presence of outliers in the plot. The
resulting P-value for normality was less than 0.005. The boxplot looks acceptable except
for the presence of outliers. The histogram shows the data to look normal except for the
presence of the outliers at the tails. The run order plot does not indicate a significant time
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effect on the response. The four plots can be seen in Figure 4.20.
Fig. 4.20: The four plots for the response variable contact angle.
The response data was plotted by categorical variables for grouping using box plots to
analyze change in mean and variance at the different factor levels. The box plots for the
different variables can be seen in Figures 4.21, 4.22, and 4.23. From the plots it can be seen
that the pulse duration and pulse spacing have the presence of outliers while the power has
no outliers but a greater variability, largely seen in the higher power parameters. No major
trending can be seen in the box plots, but distinct groups of outliers can be seen in the
data.
The data were analyzed using the general linear model. The results of the analysis of
variance for contact angle can be seen in Table 4.8. The analysis of the data demonstrated
that all of the main factors, two-way interactions and the three way interaction were signif-
icant, with a P-value less than 0.05. Since all of the factors and interactions were found to
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Fig. 4.21: The boxplot of the power factor levels for the depth of etch response.
Fig. 4.22: The boxplot of the pulse duration factor levels for the depth of etch response.
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Fig. 4.23: The boxplot of the pulse spacing factor levels for the depth of etch response.
be significant they were kept in the model. The R-squared for the model was 98.4% and the
adjusted R-squared for the model was 97.89%. The model was able to account for 97.48%
of the variation seen in the process.
Table 4.8: Analysis of variance for contact angle, using adjusted ss for tests.
Source DF Seq SS Adj SS Adj MS F P
Power 2 1346.58 1346.58 673.29 435.39 0.000
Pulse Duration 2 110.98 110.98 55.49 35.88 0.000
Pulse Spacing 3 4058.61 4058.61 1352.87 874.85 0.000
Power*Pulse Duration 4 989.60 989.60 247.40 159.98 0.000
Power*Pulse Spacing 6 4402.46 4402.46 733.74 474.49 0.000
Pulse Duration*Pulse Spacing 6 773.19 773.19 128.87 83.33 0.000
Power*Pulse Duration*Pulse Spacing 12 1253.58 1253.58 104.47 67.55 0.000
Error 180 278.35 278.35 1.55
Total 215 13213.36
DF - degrees of freedom
Seq SS - sequential sums of squares
Adj SS - adjusted sums of squares
Adj MS - adjusted mean square
The main effects and interaction plots for the three factors can be seen in Figures
4.24 and 4.25. The main effects plot demonstrates the lack of linearity of the power, pulse
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duration, and pulse spacing factors. The main effect plot also demonstrates the larger effects
seen by power and pulse spacing, while pulse duration has little effect on the process. The
power has an interesting curvature going through the center point that would otherwise be
unknown if not tested. The pulse spacing has a significant main effect from the 0.001 to
0.002 levels, but then through the rest of the levels the effect of spacing is mitigated.The
interaction plot shows an interaction between all of the factors. Intersecting lines can be seen
in the power and pulse duration interaction suggesting a strong interaction. The interaction
of pulse spacing with the other two factors can only be seen in between the levels of 0.001
and 0.002. The other levels do not show any real interaction.
Fig. 4.24: The main effects plot of the three factors power, duration, and spacing for the
contact angle response.
Before the model could be accepted, the residuals were examined to ensure model
assumptions could be meet. The residuals were examined in a normal probability plot,
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Fig. 4.25: The interaction plot of the three factors power, duration, and spacing for the
contact angle response.
versus fits plot, histogram, and versus order plot. The plots can be seen in Figure 4.26.
The probability plot shows the residuals to follow the line with little deviation. The P-value
associated with the normality of the residuals was 0.475. The versus fit plot does not appear
to have any trends and therefore the residuals are independent. The histogram looks to be
normal. The versus order plot does not show a trend with time. The plots indicate that
there is no major problems with the model assumptions. No transformations were required
with the data set. The model due to the significance of each factor and interaction was
not reduced any further. From the results of the analysis the contact angle appears to be
significantly influenced by the three factors and their interactions.
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Fig. 4.26: The residual plots for contact angle
The general linear model was used to derive a predictive equation for the contact angle
of the etching process on the PEEK polymer. The final equation is as follows:
(Contact Angle) = −23.369 + 1.785(Power) + 6.134(Pulse Duration)
+ 29416.9(Pulse Spacing) − 0.081(Power ∗ Pulse Duration)
− 420.153(Power ∗ Pulse Spacing)
− 882.708(Pulse Duration ∗ Pulse Spacing)
+ 10.891(Power ∗ Pulse Duration ∗ Pulse Spacing) (4.3)
The model response is not transformed, making interpretation of the equation more direct.
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4.1.5 Microstructural Effects from Laser Etch
The microstructure of the laser-etched PEEK samples was examined by polishing and
etching the samples to determine the effects of laser processing on the PEEK microstructure.
The analysis was used to determine how the etch was produced and how the contrast of
the etch is changed by the laser parameters. The results of the analysis demonstrated that
the etching was produced by a combination of foaming and carbonization, restructuring
of the material, and ablation. The number of parameter conditions was reduced to four,
including an additional untreated base material condition. The four were selected based on
the contrast ratio and the depth of etch. The parameter conditions that were selected were
1, 14, 25, and 27.
The etched surface for sample 1 shows a random dispersion of dark points or nodules.
The translucence of the PEEK material allows the photons from the laser to partially
pass through the material. In the areas where the photons are able to be absorbed, the
energy density reached high enough levels to cause the thermal degradation of the material,
producing an etch mark. The lack of an etch pattern or the ability to determine the position
of the laser can be seen in Figure 4.27.
To better determine the characteristics of the etch on sample 1, the sample was sec-
tioned, polished, and chemically etched. The micrographs for sample 1 can be seen in Figure
4.28. The figure shows that the dispersion of the dark carbon deposits and clear gas voids
are random and near-surface in depth. The diameters of the carbon deposits and gas voids
range from 1 to 10 micrometers. The depth of the deepest carbon or gas void can be found
in Table 4.5. The formation of the clear gas void is the results of sectioning and polishing.
The processing removes the carbon leaving a clear void. The clear voids were only present
on the sectioned surface of the sample. The randomization of the etch is due to the translu-
cence of the PEEK material. The photons from the laser are not absorbed at the surface
like a the etching of a metallic material but rather the photons are able to penetrate into
the material. When the concentration of the photons is great enough the material raises in
temperature to the point of vaporization. The vaporization of the material occurs in the
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Fig. 4.27: The etched surface of sample 1
material versus the surface and creates voids filled with gas and carbon from the thermal
degradation of the PEEK material.
The etched surface for sample 14 shows a higher density of dark carbon nodules as
compared to sample 1. The etched surface of sample 14 can be seen in Figure 4.29. The
formation of the dark carbon nodules in a linear line on the surface of the material can be
seen. The linear lines reveal the path of the laser during the etching process due tot he
higher laser power used in sample 14 as compared to sample 1.
To further detail the etch, sample 14 was sectioned polished, and chemically etched.
The micrograph of sample 14 can be seen in Figure 4.30. The density of the carbon and gas
voids has increased in this sample as compared to sample 1. The density of the carbon and
gas voids also appears in a columnar fashion. These columns are correlated to the position
of the laser during the pulse of the laser. The columnar fashion of the etch is also due to
the photons being able to penetrate deeper into the material.
The etched surface of sample 25 shows a very different structure as compared to the
previous samples. The laser power had been increased and the distance between pulses was
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Fig. 4.28: The micrograph of the cross-section of sample 1. The clear voids and the black
nodules can be seen. The clear voids are present at the surface of the section while the dark
carbon nodules are present in the background of the sample.
decreased as compared to the previous samples. The decreased spacing of the pulses allows
for the laser energy to be absorbed at the surface due to the overlapping of the pulses. The
first pulse produces an etch mark. The subsequent pulses produce darker etches due to
the original etch increasing the absorption of the photons. The higher absorption increases
the thermal energy seen at the surface, increasing the amount of thermal degradation that
occurs in the material. The porous structure seen in the sample occurs from the vaporisation
of the material. The porous structure of sample 25 can be seen in Figure 4.31.
To determine the depth of the porous structure and to further detail the etch in sample
25, the sample was sectioned, polished, and chemically etched. The cross section view of
sample 25 can be seen in Figure 4.32. The tight spot spacing cause what will be refereed to
as a restructuring of the material at the surface. The material has become very porous in
nature, with the position of the laser pulse not discernible. Beneath the restructured portion
of the etch a dispersion of carbon and gas voids can be seen. The restructured surface
69
Fig. 4.29: The etched surface of sample 14.
Fig. 4.30: The micrograph of the cross-section of sample 14. The clear voids and the black
nodules can be seen. The etch appears in a columnar fashion as compared to sample 1. .
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Fig. 4.31: The etched surface of sample 25.
increases the absorption of the laser due to the darkening of the surface and decreasing
the transparency of the material. The decreased transparency of the material would lead
to more etching at the surface and less formation of carbon and gas voids in the deeper
sections of the material.
Sample 27 was also selected for further analysis based on the contrast the it displayed.
Sample 27 only differs in pulse spacing from sample 25. The etched surface of sample 27 can
be seen in Figure 4.33. The sample does not resemble sample 25. Sample 27 etch produced
individual holes in the surface of the material. The pulse spacing was far enough apart to
avoid the increased absorption. The energy from the laser was high enough to cause the
vaporization of the material at the surface. The darkness of the etch could be related to
the holes producing a dark body in the surface. The light can enter the holes but might
not escape causing the surface to appear darker.
To further investigate sample 27 the sample was sectioned, polished and chemically
etched. The laser energies were high enough to retain the identity of each pulse which
is demonstrated by the localized ablation of the material. Localized ablation can be seen
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Fig. 4.32: The micrograph of the cross-section of sample 25. The porous structure of the
surface can be seen with the carbon nodules beneath.
Fig. 4.33: The etched surface of sample 27.
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in sample 27, which can be seen in Figure 4.34. Since the material is ablated and not
restructured the columnar dispersion of the carbon and gas voids can be seen beneath the
ablated portion of the material.
Fig. 4.34: The micrograph of the cross-section of sample 14. The depth of the vaporized
hole can be seen with the carbon nodules in a columnar structure.
4.1.6 Laser Etch Mechanical Properties
The testing of mechanical properties was divided into two tests, tensile testing and
micro-hardness testing. A reduced number of parameter conditions was used for the tensile
testing due to limited sample material. The different parameter conditions were tested in a
MTI Instruments micro-tensile testing machine. Figure 4.35 shows a picture of the tensile
testing setup. The Vickers micro-hardness was tested on all parameter conditions. The
results are presented below.
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Fig. 4.35: The experimental setup for tensile testing of the PEEK polymer.
Tensile Testing Results
The tensile properties of the etch PEEK polymer was examined by tensile testing etch
films of the polymer. The number of parameter conditions was reduced to four, including an
additional untreated base material condition. The four were selected based on the contrast
ratio and the depth of etch. The parameter conditions that were selected were 1, 14, 25, 27,
and untreated. The samples were prepared by laser etching the tensile specimens. Figure
4.36 shows the laser etched tensile specimens prior to tensile testing. The samples were
tested and the resulting load and displacement recorded. The resulting maximum loads for
the different parameter conditions can be seen in Table 4.9.
The raw data from the tensile tests were converted into stress and strain values. The
values were entered into Minitab 16 to analyze the data. The data points were plotted using
a fitted line plot and a cubic regression line was fitted to the data to determine the line of
best fit for the data. The plots for the different parameter conditions can be seen in Figures
4.37, 4.38, 4.39, 4.40, and 4.41. The R-sq and adjusted R-sq values for the line fits in the
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Fig. 4.36: An example of the tensile bars produced for evaluating the tensile properties of
the etched PEEK polymer.
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Table 4.9: The maximum loads for the 5 different parameter conditions selected.
Sample Untreated (lb) #1 (lb) #14 (lb) # 25 (lb) # 27 (lb)
1 8 8.45 7.7 5.05 7.25
2 9.05 9.05 7.5 4.33 7.25
3 9.6 9 8.65 4.9 8.1
4 8.1 8.05 7.6 4.82 7.1
5 10.15 8.9 8.4 5.05 7.25
6 7.5 7.9 9.3 4.165 7.7
7 8.65 9.05 7.2 4.575 8.1
8 9.35 9.55 7.6 4.9 8.05
9 8.75 8.9 9.05 3.92 7.5
10 9.6 8.1 8 4.375 7.45
plots was above 90% showing that most of the variability in the regression of the cubic line
was accounted for by the model. The individual R-sq and adjusted R-sq values can be seen
in Figures 4.37, 4.38, 4.39, 4.40, and 4.41.
Fig. 4.37: The fitted line plot for the base material.
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Fig. 4.38: The fitted line plot for the parameter condition 1.
Fig. 4.39: The fitted line plot for the parameter condition 14.
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Fig. 4.40: The fitted line plot for the parameter condition 25.
Fig. 4.41: The fitted line plot for the parameter condition 27.
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The equations produced from the fitted line plots for the 5 different parameter condi-
tions are as follows:
σbase = 29457502x
3 − 7803926x2 + 662637x (4.4)
σsample 1 = 29715866x
3 − 8710613x2 + 711545x (4.5)
σsample 14 = 20904931x
3 − 6342788x2 + 558836x (4.6)
σsample 25 = 22498623x
3 − 4524858x2 + 314957x (4.7)
σsample 27 = 58690528x
3 − 11133042x2 + 713245x (4.8)
where x is the strain and σ is the stress.
The load and displacement data were used to calculate the modulus of elasticity, yield
strength and the ultimate tensile strength of the 5 different parameter conditions. A sum-
mary of the results can be seen in Table 4.10. The data from the tensile tests and the fitted
line plots were used to model and produce stress strain curves for the 5 different parameter
conditions, which can be seen in Figure 4.42. The data suggests that there are three groups
in the data. The base material and Sample 1 group together, which is likely due to the
lack of etching that occurs in Sample 1. Sample 14 and Sample 27 are grouped together
being the mid range of etching. Sample 25 is grouped alone due to the heavy etching and
low stress limit that was experienced. To verify if a difference truly exists in the samples,
a statistical analysis of the data was performed.
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Table 4.10: The maximum loads for the 5 different parameter conditions selected.
Parameter Condition Modulus of Elasticity (psi) Yield Strength (psi) UTS (psi)
Un-Treated 423482 12119 17750
Condition 1 415458 12411 17390
Condition 14 409041 10236 16200
Condition 25 241969 5204 9217
Condition 27 413736 10702 15150
Fig. 4.42: The stress-strain curves for the different parameter conditions.
Tensile Statistical Analysis
The ultimate tensile strengths for the 5 different parameter combinations were analyzed
using a one-way ANOVA to determine if a statistically significant difference existed between
the different combinations. The response data for the analysis were the ultimate tensile
strength. The data were checked for normality and all the sample combinations were found
to be normal. The one-way ANOVA and a means comparison using the Tukey’s method
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were run. The residuals from the analysis were checked to make sure they meet the model
and assumptions and were found to do so. The residuals were normally distributed, the
variance was independent and there was no trend with time. The response data were plotted
by parameter combination to analyze the change in mean and variance. The box plot from
the analysis can be seen in Figure 4.43. The box plot shows that the means appear to not
vary significantly except for parameter combination 25 which appears to be significantly
lower. The resulting P-value from the one-way ANOVA was 0.000 suggesting that at least
one combination significantly differed from the rest. Table 4.11 shows the resulting values
for the one-way ANOVA. The R-sq value for the analysis was 88.11% and adjusted R-sq
was 87.05%.
Fig. 4.43: The boxplots for the one-way ANOVA analysis for the ultimate tensile strength
for the different parameter combinations.
The grouping information based on the Tukey method can be seen in Table 4.12. The
means comparison shows that there is no difference between the base material and sample 1
while there is a difference between the base material and the other parameter combinations.
Sample 1 and sample 14 showed no difference, and sample 14 and sample 27 showed no
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difference but there was a difference between sample 1 and sample 27. Finally, sample 25
was significantly different that all of the other samples. the analysis suggests that there is a
decline in the ultimate tensile strength as the depth of etch and contrast ratio are increased.
Table 4.11: The one-way ANOVA analysis results for the ultimate tensile strength of the
different parameter combinations.
Source DF SS MS F P
Factor 4 480802192 120200548 83.38 0.000
Error 45 64872810 1441618
Total 49 545675002
DF - degrees of freedom
SS - sums of squares
MS - mean square
Table 4.12: The grouping information for the ultimate tensile strength using the Tukey
method.
Factor N Mean(psi) Grouping
Base 10 17750 A
Sample 1 10 17390 A B
Sample 14 10 16200 B C
Sample 27 10 15150 C
Sample 25 10 9217 D
Hardness Results
The micro-hardness properties of the etched PEEK polymer was examined by Vickers
micro-hardness testing the etched surfaces of the polymer. All of the parameter conditions
were tested for micro-hardness. The hardness of the etched region is measured using a
Vickers micro-hardness tester set to 25g with a load time of 20 seconds [44]. After the
initial few samples were tested, the resulting mark from the indenter was to small to get a
reliable measurement. The load was then set for 50g to improve the reliability of the test.
The average of the measurements for each parameter condition can be seen in Table 4.13.
A picture of the hardness mark produced by the micro-hardness test can be seen in Figure
4.44.
The results seem to follow the trend of the higher the contrast ratio or the deeper the
etch the lower the hardness value becomes. To verify this general trend seen in the data the
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Table 4.13: Vickers hardness number measurements for each of the 36 parameter conditions.
Sample (#) Average Vicker’s Hardness Number
Base Material 24.19
1 22.24
2 23.44
3 23.83
4 24.17
5 22.32
6 22.99
7 23.02
8 23.83
9 21.67
10 23.74
11 23.22
12 24.12
13 10.06
14 17.34
15 22.10
16 22.40
17 9.92
18 17.40
19 21.80
20 22.90
21 9.59
22 17.52
23 21.10
24 22.80
25 9.34
26 10.78
27 17.50
28 19.38
29 8.70
30 10.31
31 16.90
32 19.71
33 8.80
34 10.40
35 16.70
36 19.50
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Fig. 4.44: The indentation mark produced by the hardness tester.
hardness was put into a general regression with contrast ratio and depth of etch to see the
relationship. The statistical results of the regression for hardness and contrast ratio can be
seen in Table 4.14. The data was found to be normally distributed and the residuals for
the regression model were found to be normally distributed, free from trends, and to have
no trending with time. The model assumptions were met and the data was analyzed.
Table 4.14: Regression analysis of hardness versus contrast ratio.
Predictor Coef SE Coef T P
Constant 23.4606 0.3307 70.94 0.000
Contrast Ratio -1.14547 0.05221 -21.94 0.000
Coef - model coefficients
SE Coef - standard error of the coefficients
The regression results show a significant P-value for contrast ratio as a predictor for
hardness. The results are more evident in the fitted line plot seen in Figure 4.45. The
R-Sq for the regression model was 93.2% and the adjusted R-Sq was 93.0%. The regression
demonstrated that the contrast ratio was a good predictor for hardness. The depth of etch
was also used in a regression analysis for hardness.The regression results show a significant
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P-Value for depth of etch as a predictor for hardness, which can be seen in Table 4.15. The
fitted line plot shows the correlation between depth of etch and hardness, shown in Figure
4.46. The resulting R-Sq for the regression model was 83.5% and the adjusted R-Sq value
was 83.0%.
Fig. 4.45: The fitted line plot for hardness and contrast ratio.
Table 4.15: Regression analysis of hardness versus contrast ratio.
Predictor Coef SE Coef T P
Constant 26.0506 0.6827 38.16 0.000
Depth of Etch -0.111250 0.008368 -13.30 0.000
Coef - model coefficients
SE Coef - standard error of the coefficients
The results of the regression analysis for the contrast ratio and depth of etch for hard-
ness show a statistically significant correlation. As contrast ratio increase the hardness
decreases, while as the depth of etch increases the hardness decreases. This demonstrates
that the etching of PEEK deteriorates the hardness of the surface layer and increases that
deterioration of the surface as the depth of etch and contrast ratio are increased.
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Fig. 4.46: The fitted line plot for hardness and depth of etch.
4.1.7 Biocompatability Results
The biocompatability of the etched PEEK polymer was tested by producing samples
for cytotoxicity tests. The cytotoxicity tests were carried out at Nelson Labs, located in Salt
Lake City. The tests were performed in accordance with ISO 10993-5 testing standards.
Cytotoxicity Results
The samples were prepared by laser etching the surface of PEEK polymer cubes on one
face, creating a total etched surface of 0.50 inches squared. The samples were cleaned in an
ultrasonic bath to clean and sterilized using a thermal sterilization process, using dry heat
at 175◦C. The samples were sent out to the lab for further testing. The Minimal Essen-
tial Media (MEM) Elution test was used to determine the cytotoxicity of the extractable
substances. The extracts were added to a L-929 cell monolayer and incubated. The cell
monolayers were examined and scored based on cell destruction. The results of the tests
are summarized in Table 4.16. The acceptance criteria was based upon the negative and
media control groups corresponding to a 0 for scores and the positive control corresponding
to a 3-4. The results of the control tests can be seen in Table 4.17.
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Table 4.16: Cytotoxicity results for the etched samples using the MEM test.
Scores for Replicates
Identification #1 #2 #3 Average Results
Base 0 0 0 0 Pass
1 0 0 0 0 Pass
14 0 0 0 0 Pass
25 0 0 0 0 Pass
27 0 0 0 0 Pass
Table 4.17: Cytoxicity results for the etched samples using the MEM test.
Scores for Samples
Identification #1 #2 #3 Average
Negative Control - Polypropylene Pellets 0 0 0 0
Media Control 0 0 0 0
Positive Control - Latex Natural Rubber 4 4 4 4
The acceptance criteria for the test requires that a score of 2 or less be achieved to
pass. The ANSI/AAMI/ISO 10993-5 standard requires that a score of greater than 2 be
considered to have a cytotoxic effect or be considered failing. The test results demonstrated
that the etched samples produced a score of 0 and was considered to not produce a cytotoxic
effect. The full laboratory report has been attached in Appendix B.
4.1.8 Simulation Results
A 2-D axisymmetric finite element model was produced for simulating a single laser
pulse to define the laser etching process. The model was used to calculate the tempera-
ture field produced in the PEEK material during the pulse of a single laser. The results
were compared to that seen in the etching process. The temperature used to determine if
vaporization had occurred in the model was 578◦C, found in the literature [80].
The analysis type for the model was a transient heat transfer problem. The model was
250 micrometers by 250 micrometer but was performed as an axisymmetric model. The
model elements were 2-D and when meshed produced 625 elements with 675 nodes. Figure
4.47 shows the meshed model used for simulating the single laser pulse.
The initial conditions of the model where that the default nodal temperature was 23◦C.
The model was based on 10 time steps, each one being 1 microsecond in length. A heat
87
Fig. 4.47: The meshed model used for the thermal simulation of the laser pulse on the
PEEK material.
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source was applied at different depths in the model. Due to the laser transmittance in
PEEK the full power output of the laser could not be applied to the surface of the model.
Based on previous findings the energy absorption in PEEK was found to be between 10-20%
in a 100-micrometer thick film [67]. From the previous research found in the literature, it
was assumed that 20% of the laser energy would be absorbed every 100 micrometers to
account for the light transmittance through the material. The final fluence of the pulse for
85 and 75% power was found to be 1879 and 1658 J/smm2.
The transient heat transfer analysis simulation produced a Gaussian shaped tempera-
ture distribution in the two models based on percent change of the laser power. The models
showed the highest temperature at the center of the laser spot and decreased as the depth
in the Z-direction increase. The temperature profiles for the 85 and 75% laser power can
be seen in Figure 4.48 and 4.49. The temperature was in excess of the 578◦C in the 85
percent model which was the cutoff for the vaporization of the materials. The maximum
temperature in the 85 percent model was 747◦C, which then decreased down to the starting
temperature of 23◦C as the depth in the Z-axis increased. In the 75% model the maximum
temperature seen was 570◦C and decreased to the starting temperature of 23◦C as the depth
in the Z-axis increased.
The depth of the temperature cutoff in the 85% model reached a depth of 6.84 mi-
crometers. The cutoff temperature was not reached in the 75% model. The temperature
data from the models was plotted along the Z-axis through the center of the laser spot.
The graphs for the temperature can be seen in Figures 4.50 and 4.51. This correlates well
to the experimental data. The 75% laser power setting did not produce a vaporized hole
in the surface of the PEEK material. The 85 percent laser power setting did however,
produce vaporized holes in the surface of the PEEK material. The depth of the holes were
measured and found to be on average 7.9 micrometers as compared to the modeled depth
of 6.8 micrometers. The final results of the model seemed to correlate well with the results
of the experimental work.
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Fig. 4.48: The temperature profiles for the 75% laser power for a single pulse on PEEK.
Fig. 4.49: The temperature profiles for the 85% laser power for a single pulse on PEEK.
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Fig. 4.50: The plot of the temperature along the Z-axis through the center of the laser pulse
on the PEEK material for the 75% laser power.
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Fig. 4.51: The plot of the temperature along the Z-axis through the center of the laser pulse
on the PEEK material for the 75% laser power.
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4.2 Discussion
The detailed analysis of the microstructure best defines the effect of laser etching on
the biocompatability and mechanical properties of PEEK. The etching process was best
defined by the resulting microstructure. The results of the study are further discussed as
they relate to the microstructure.
4.2.1 Microstructure
The microstructure was comprised of the formation of carbon voids in the material
due to the thermal and photochemical degradations seen in previous studies [5,63,65]. The
resulting etch seen in the study was less on the surface and more into the material for
the lower power levels used, as seen in sample 1 and 14. The previous studies typically
had etching only occur at the surface. The etching occurs near the surface and decreases
gradually as the laser penetrated into the material. The translucence of the material allows
for the laser to transmit through the material until the scattering of the laser lowers the
laser energy to below a level capable of etching the material.
The etch that is seen in the material is due to the formation of random black nodules.
The black nodules are formed during the decomposition of the polymer into different gaseous
species and carbon. The random placement of the nodules is believed to be due to the
crystalline structure of the material or residual materials left from the original processing of
the material. The majority of the material was amorphous in nature and therefore allows
the laser to transmit. The crystalline area would not allow the laser to transmit and would
then be absorbed. If the energy was high enough in these localized areas of absorption,
then the material would degrade and form the carbon voids [63]. Figure 4.52 illustrates
the mode by which the subsurface etch was created. The laser penetrates the surface and
is absorbed by areas of the microstructure that are either crystalline or residual materials
from the polymerization process. Figure 4.53 illustrates the etch formation in the polymer
after the laser has interacted with the material.
The etching is capable of ablating the material if the laser energy is above the vapor-
ization threshold. Sample 25 and 27 show evidence of ablation. The surface of the material
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Fig. 4.52: The laser is shown interacting with the materials in the microstructure.
Fig. 4.53: The etched areas can be seen where the laser interacted with the materials.
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shows that the material was ablated to a certain depth with the formation of the nodules
directly below the area of ablation. The energy level is high enough to ablate the material
while the transmittance of the material then allows for the laser to transmit though the
material causing the random localized areas of etching. Previous studies have analyzed the
effect of laser energy on the ablation of the PEEK material for purposes of laser machining
but not the depth of decomposition of the material. Babu and D”Couto demonstrated the
ablation rates of PEEK as a function of the fluence of laser from a excimer laser, pulsing
50 repetitions for 25 ns per pulse [4]. The results showed a logarithmic type function as
the laser fluence increased the depth of ablation increased drastically and then eventually
y began to flat line. The laser wavelength, the number of laser fluences tested, and depth
of ablation differed from the current study, however the depth of the etched region and the
ablation depth of the laser pulse follows a similar function for the same region in the laser
fluence. The laser fluences were calculated from the parameters used in the experiments
and fall in the range of 3.55 to 4.65 J/cm2. A direct comparison cannot be drawn due to
the use of a single laser pulse being used and the overlapping of the laser causing changes
in the absorbance of the laser, but the fluence of the laser was plotted for the depth of etch
plus the depth of ablation. a stark increase in depth can be seen in Figure 4.54. A similar
rate increase in depth was seen in similar work [4, 67].
The surface ablation of the PEEK material did not occur until after the laser fluence
was above 4.6 J/cm2, while the subsurface etching or formation of carbon rich voids in the
material was achieved at a lower level of fluence (3.5 J/cm2). The transition point from
subsurface to surface ablation of the material falls in the range of 4.1 J/cm2 to 4.6 J/cm2.
4.2.2 Etching Characteristics
The analysis of the microstructure of the etched areas of the PEEK material help to
explain the results seen in the contrast and depth of the etch. The contrast was a measure of
the contrast difference between the natural base material and the etched region. The higher
the contrast ratio the darker the etch appeared. The darkness increased in relationship to
the density of the black nodules produced by the increase in the laser energy. The depth of
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Fig. 4.54: The plot of depth of etch and ablation of PEEK against the laser fluence used in
the etching process.
the etch also increased as a function of the laser energy both of which can be seen in Tables
4.1 and 4.5.
The deeper the etch became the greater the number of black nodules that were formed.
The comparison of these two variable can be seen in Figure 4.46, where the relationship
between the contrast and the depth of etch appears to be an exponential function. When
fitted with an exponential function the data produces an R2 value of 0.897 showing a good
correlation. This validates that there is a needed threshold for the laser fluence to exceed
for either ablation of the material at the surface or the subsurface etching or black nodule
formation to occur.
The statistical results from the contrast and depth of etch demonstrate a similar con-
clusion. The main effects for both contrast and depth of etch demonstrated that the two
characteristics are very dependent on the laser energy and the laser pulse spacing used. The
R2 for the contrast and depth of etch were 0.9968 and 0.9806. The values demonstrated that
the statistical models that described the contrast and depth of etch as a result of processing
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parameters, accounted for almost all of the variation seen in the model.
4.2.3 Mechanical Properties
The mechanical properties of the etched PEEK showed drastic changes based on the
processing parameters. The tensile strength of the materials tested demonstrated that the
strength of the material can be reduced by 57% depending on the parameter conditions.
Sample 1 which showed very little damage to the material retained nearly the same stress-
strain curve as the untreated material. Samples 14 and 27 had similar amounts of damage
to the microstructure accept sample 27 had ablation of the surface material. The tensile
strength of these two samples were similar with sample 14 having a slightly lower modulus of
elasticity. Sample 25, which suffered the most damage due to the etching, saw a significant
reduction in modulus of elasticity and tensile strength.
The amount of damaged regions of sample 1 do not account for much of the cross-
sectional area of the tensile bar and therefore do not have a significant effect on the tensile
strength of the material as seen in the results. As the amount of damage was increased as
in sample 14 the tensile strength was reduced due to the presence of more carbon nodules
in the material. The nodules accounted for more of the cross-sectional area and began to
reduce the tensile strength of the material.
The presence of carbon nodules versus ablated material appeared to not affect the
tensile strength. Sample 27 is similar to sample 14 with the exception of the laser power
being increased and ablation taking place in localized areas. The ablation in sample 27 or
the formation carbon nodules densely populated in a similar area as the ablated material,
appears to have little effect on the tensile strength when compared to one another. It is
believed that the number of carbon nodules is high enough to act as if there is no material
present in that area. The area has suffered enough thermal degradation that the remaining
material is not capable of supporting any load, which would be that same as the remaining
material not being present.
The damaged regions of sample 25 show an ablated and restructured portion of the
material followed by the formation of the carbon nodules. The loss of tensile strength arises
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from the loss of material and the decrease in cross-sectional area due to the formation of
the carbon nodules. The damage done to the material can act as stress risers and cause
additional premature failure.
The tensile strength results demonstrate the need for the designers of thin section
components to take into account the effect of laser etching parameters. The etch can
significantly reduce the overall tensile strength the material can handle. This effect is
mitigated by thickening of the component until the depth of the etch does not account for
a significant part of the cross-sectional area.
The hardness test showed a similar decrease in mechanical properties especially for the
samples where the spacing between pulses was 0.001 inches. The higher overlap lead to
an increased damage of the material. The higher the damage was the lower the hardness
number became. As the spacing became greater the hardness numbers increased due to less
material damage. The hardness numbers also mimicked the tensile strength values. Sample
1 and the base material were similar at 24.1 Hv and 22.3 Hv. It was similar for samples 14
and 27, where sample 14 had a hardness of 17.3 Hv and sample 27 had a hardness of 17.5
Hv. Sample 25 had a hardness of 9.34 Hv which is nearly that same percentage decrease as
was seen in the tensile results.
4.2.4 Process Optimization
The results from the laser etching characterization and mechanical properties were
used to determine an optimized state for the laser etching process. The optimization was
based on the laser etch producing the highest contrast ratio while minimizing loss of tensile
strength, damaging the polymer surface, and minimizing the depth of etch. The samples 14,
18, and 22 were found to fit the optimized criteria. The parameter setting for the samples
can be seen in Appendix A. Darker contrasts were possible but not without damaging
the polymer. Lighter contrast ratios can be achieved without damaging the polymer and
maintaining mechanical properties and samples 1, 5, and 9 fell into this category. The
optimized settings should be used on components where decomposition of the polymer
could be detrimental to the component design.
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The laser spot spacing and the laser power were found to be the main contributers
to the deterioration of the surface of the polymer. If the spot spacing was 0.001” and the
power was 75% or greater then the surface of the polymer would suffer damage. Damage
was avoided by staying out of these critical parameter regions.
4.2.5 Biocompatability
The Minimal Essential Media (MEM) Elution test was used to determine the cytotox-
icity of the extractable substances from the etched surfaces of the PEEK material. The
cell monolayers cell destruction scores demonstrated the minimal effect that laser etching
had on the cytotoxicity. The formation of darker areas and porosity, demonstrated the for-
mation of decomposition products, as discussed by Patel et al. [38]. Although Patel found
the complete decomposition of the PEEK material during thermal degradation, this study
did not investigate what specific products were produced, but rather, if any of the residual
products would produce a cytotoxic effect. The results showed that the etched surfaces
produced no cytotoxic effect. Most of the etching occurred subsurface and the lack of cy-
totoxic effect could be linked to a limited exposure of the etched area; however, sample 25
had significant etched region exposed to the surface and did not score any different then the
other samples. The laser etching of PEEK did not show a cytotoxic effect during testing.
4.2.6 Simulation
The results of the transient heat transfer simulation demonstrated a good correlation
to the results of the experiments. The max temperature seen in the 85% laser power was
determined to be 747◦C, which was in excess of the 578◦C need to vaporize the material.
The depth of the temperature field greater then 578◦C was found to be 6.8 micrometers.
The experimental results were found to have a depth of vaporization of 7.9 micrometers.
The 75% laser power model was found to have a maximum temperature of 570◦C, which
is below the vaporization threshold. The experimental samples at 75% laser power did not
produce any vaporized holes in the surface of the PEEK material. The surfaces of the 85
and 75% laser power experimental samples can be seen in Figure 4.55 and 4.56.
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Fig. 4.55: Top down photograph of the surface of the 75% laser power sample showing the
lack of vaporized holes.
Fig. 4.56: Top down photograph of the surface of the 85% laser power sample showing the
presence of vaporized holes.
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The photographs of the surfaces show the presence and lack of vaporization holes. The
thermal model predicted the formation of the holes based on the temperature distributions.
The temperatures were plotted together along with the thermal cutoff and depth of experi-
mental vaporization. The 75% model falls below the need temperature for vaporization but
the 85% model shows the plot running near the transition point between the experimen-
tal vaporization depth and the vaporization temperature. The model seems to be in good
agreement with the experimental data. The temperature plot can be seen in Figure 4.57.
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Fig. 4.57: The plot for the results of the temperatures for the 75 and 85% laser power
compared with he vaporization threshold temperature and the experimental vaporization
depth.
The model however, was only beneficial in predicting the vaporization of the material
at the surface. The model did not account for the microstructure of the material or residual
materials inside the PEEK. These points acted as etching or vaporization sites internally
in the PEEK. This effect is evident in the 75% laser power samples where there is etching
present in the bulk of the material but not a vaporized hole as seen in the 85% laser power
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samples. A more detailed model is needed to determine the effect of microstructure on the
etching process to produce the localized vaporization of the bulk material, however this is
beyond the scope of this work.
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Chapter 5
Conclusions
5.1 Introduction
The effect of laser processing on the mechanical and biocompatability properties of
PEEK needed further investigation. The purpose of the study was to further investigate
the effects of laser processing by characterizing the processes itself, analyzing the change
in microstructure, testing the change in mechanical properties, measuring the change in
contact angle measurements, testing the cytotoxicity, and validating the process through
thermal simulation. The results of the study were used to classify four different etching pa-
rameter sets, which were representing four different etching modes, and how these parameter
sets effected the mechanical and biocompatability properties of laser processed PEEK.
5.2 Summary of Laser Etch Characterization
The characterization of the laser etching process was carried out in three parts. The
contrast ration of the etched region as compared to the natural base material, the depth of
the etch, contact angle measurements, and the change in microstructure. Statistical models
were produced to describe the process and the effect of each parameter on the measured
outcome. Each of the characteristics that were studied along with the experimental param-
eters and micrographs of the cross-section and polymer surface can be found in Appendix
A.
5.2.1 Summary of Contrast Ratio
The contrast ratio measurements of the etched regions ranged from 1 (the natural
material) to 14.4 (nearly entirely black). The examination of the surface of the etched
marks showed that the surface was either comprised of randomly spaced small dark nodules,
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a porous layer dark in nature, and the formation of holes in the surface. Micrographs of
the surface of the samples can be found in Appendix A. The statistical analysis of the
results demonstrated that the contrast ratio was driven by the laser power and the spot
spacing. Any two way or three way interaction that included either of the two previous
mention parameters were also found to be significant. A general linear model with a Box-
Cox transformation was used to derive the a predictive equation for the contrast ratio of
the etching process on the PEEK polymer. The predictive model can be seen in equation
4.1.
5.2.2 Summary of Depth of Etch
The depth of etch measurements of the etched region ranged from 10 micrometers
to 160 micrometers. The depth of etch was observed by cross-sectioning the samples and
measuring the depth of the products produced by the laser and the micrographs can be seen
in Appendix A. The statistical analysis of the depth of etch demonstrated that the depth of
etch was driven by laser power and laser spot spacing. The laser power had a greater main
effect on the depth of etch. The two-way and three-way interactions were also significant.
A general linear model was used to derive a predictive equation for the depth of etch. The
final equation can be seen in 4.2.
5.2.3 Summary of Contact Angle Measurements
The results of the contact angle measurements showed a general increase in the contact
angle measurements as the contrast ratio increased. The contact angle measurement change
was due to the change in surface roughness of the etched region. Outliers were found in
the data that measured a significantly lower contact angle. This was due to the formation
of trenches in the surface of the etch causing a capillary action which would wick the
water away. Overall the results showed that the surface of the etched region became more
hydrophobic in nature.
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5.2.4 Summary of Microstructure
The analysis of the microstructure provided further insight into how the laser interac-
tion with the material effected the contrast ration and depth of etch. The microstructure
showed that the laser etching produced three different types of structures in the microstruc-
ture. The first structure was the formation of randomly oriented nodules which were com-
prised of out-gassing and carbon due to degradation of the polymer in the presence of the
laser. The nodules were found not just at the surface but at different depths in the polymer.
The second structure that was produced was a very porous layer that was formed when
the laser spot spacing was overlapping. The porous structure was dark in nature due to
degradation of the polymer but the porosity came from the out gassing of the polymer along
with the collapse of the plasma plume which would expel portions of the material. Beneath
the porous layer the etch returned to a state similar to the first structure with randomly
oriented nodules.
The third structure produced in the polymer was the formation of individual holes in
the surface, coated with carbon residues. The laser spot spacing was large enough to avoid
the over lapping of the spots and avoided the formation of the porous structure discussed
previously. The laser power was high enough and the spot spacing was large enough to cause
the material to vaporize and create individual holes in the surface penetrating down in to
the polymer. The holes were found to be 20 micrometers in diameter and 15 micrometers
deep. Beneath the holes that were produced the etch returned to a structure similar to
the first structure discussed. The concentration of nodules, however, were greater in both
structure two and three.
The formation of the nodules within the microstructure was due to the translucent
property of the polymer. The ability of the light to penetrate through the material lead to
the etching within the polymer and not just at the surface. The nodules were the interaction
of the laser with either the crystalline structure of the polymer, since the polymer was only
a semi-crystalline or the interaction with residuals from the polymerization process.
The density of the nodules found within the microstructure were correlated with the
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contrast ratio and the depth of etch. The darker the etch the higher the density of nodules.
The greater the depth of the etch, the higher the density of nodules that were present.
When explaining the mechanical properties, the greater the density of the nodules or the
more damage that was done to the microstructure, the greater the decrease in mechanical
properties.
5.3 Summary of Laser Etch Mechanical Properties
The characterization of the mechanical properties for laser etched PEEK was carried
out in two parts. The tensile properties of etched samples was performed by producing
tensile bars and then etching them. The etched samples were then tensile tested to failure.
A second measure of mechanical properties was taken in the form of Vickers hardness.
The results of both tests were statistically analyzed to determine if there were differences
between the processing parameters.
5.3.1 Summary of Tensile Testing
Four parameter sets were selected with an additional sample being untreated base
material, for evaluating the tensile properties of the laser etched polymer. Ten samples
for each parameter set were produced. The results were plotted and fitted with lines to
describe the tensile strength. The equation for fit can be seen in equations 4.4-4.7. The
results showed that parameter set 1 (17390 psi) and the base material (17750 psi) showed
no statistical difference from each other. Parameter sets 1 and 14 showed no statistical
difference from each other. Parameter sets 14 (16200 psi) and 27 (15150 psi) showed no
statistical difference from each other, and parameter set 25 (9217 psi) was significantly
different from the rest. The tensile tests showed that the tensile strength of the PEEK
material can be reduce by a factor of about 50 percent. This emphasizes the need to take
wall thickness into consideration in the design of biomedical devices if laser etching was
going to be used on the surface.
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5.3.2 Summary of Hardness
The mechanical properties were also characterized by testing the Vickers hardness of
each parameter set. The results of the hardness testing indicated that the greater the
damage to the microstructure the greater the decrease in hardness. the contrast ratio was
correlated with the hardness and found to be in good agreement. The hardness of the base
material was found to be 24 Hv while the highly damaged surfaces of the polymer were
found to have a hardness of 8.7 Hv. The results of the hardness testing showed a similar
trend to the tensile testing results where the samples with very little contrast ratio acted
similar to the base material and the higher the contrast ratio became the lower the hardness
was.
5.4 Process Optimization
The results from the laser etching characterization and mechanical properties were
used to determine an optimized state for the laser etching process. The optimization was
based on the laser etch producing the highest contrast ratio while minimizing loss of tensile
strength, damaging the polymer surface, and minimizing the depth of etch. The samples 14,
18, and 22 were found to fit the optimized criteria. The parameter setting for the samples
can be seen in Appendix A. Darker contrasts were possible but not without damaging
the polymer. Lighter contrast ratios can be achieved without damaging the polymer and
maintaining mechanical properties and samples 1, 5, and 9 fell into this category. The
optimized settings should be used on components where decomposition of the polymer
could be detrimental to the component design.
5.5 Summary of Laser Etch Biocompatability
The characterization of the biocompatability properties for laser etched PEEK was
carried out. The cytotoxicity of the samples were tested using a MEM elution test. The
results of the test showed that there was no cytotoxic effect from the laser etching of the
polymer. The score produced by the samples were 0 and the test considers there to be a
cytotoxic effect if the score was 2 or greater. The full lab report for the test can be seen
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Appendix B.
5.6 Summary of Laser Etch Process Simulation
The results of the model demonstrated an agreement between the results of the sim-
ulation and the experimental results. The temperature prediction of the model for the
85 percent of laser power, showed temperatures in excess of the vaporization temperature.
The model predicted the vaporization depth to be 6.8 micrometers while the experimental
results showed a hole depth of 7.9 micrometers on average. The temperature predictions
for the 75 percent of laser power model, predicted the maximum temperatures to be below
the vaporization threshold. The experimental results showed no vaporization at the surface
of the material. The model was adequate for predicting the vaporization at the surface of
the material, but needs further refinement to predict the vaporization in the bulk of the
material, which was beyond the scope of this work.
5.7 Future Work
The effects of laser etching on the mechanical and biocompatability properties of PEEK
was new with little previous research. The focus of this study was to investigate how the
properties of PEEK were effected by the laser etching process by looking at the contrast
ratio, depth of the etch, microstructural change, tensile strength, hardness, cytotoxicity,
contact angle measurements, and simulation work. This introductory work to the effect of
laser etching of PEEK provided many recommendations for future research, which include
the following.
1. Changing the surface of the polymer with dyes or coatings to change the etching
properties.
2. Adding metal ions such as silver to the polymer surface to change etching properties
and produce antimicrobial properties.
3. Studying the etched patterns on the surface to investigating cell adhesion to the
surface.
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4. Back filling the porous surface with drugs designed to aid in the recovery of the
patient.
5. Investigate if the laser etching increases the adhesion of the implant with bone
cement.
5.7.1 Surface Dying
The research demonstrated that different patterns could be created with laser etching.
Dye could be applied to the surface of the polymer changing the absorption of the laser.
By altering the absorption of the polymer, different patterns could be created. It should be
possible to create a darker etch at the surface due to higher absorbency. Less damage in
the subsurface of the polymer could be possible, increasing the strength of the material.
5.7.2 Metal Ions
The use of silver ions mixed into the polymer surface and subsurface could be used as
nucleation sites for the etch. The ion could, in the instance of silver, provide an antimicrobial
effect for the implant. The ions could be used as a patterning method as well to in courage
or discourage cell growth in desired areas.
5.7.3 Cell Adhesion
The ability of the laser to etch or machine the surface of the polymer on the micro-
scale would allow for the investigation into the patterning of the polymer surface and cell
adhesion. The size of the holes, trenches, or porous surfaces produced could be significant
in the cell adhesion to the material. This could be used as a measure of the ability of laser
etching to improve the osteintegration of the implant.
5.7.4 Drug Delivery
The holes or porous structure that was formed from the laser etching process could
provide a drug delivery system to the implant. The etched regions of the implant could
be backfilled with drugs that could aid in the recovery of the patient or the integration of
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the implant. The implant could also be backfilled with bone cements that could become
activated after implantation.
5.7.5 Adhesion
Bone cement has been used when implants could become capable of moving out of
place. The roughened surface from laser etching should provide a better surface for the
cement to penetrate and increase the adhesive strength of the cement and implant. How
much improvement could be obtained would need to be investigated.
All of the topics stated can provide a platform for future research in laser etching of
PEEK and other polymers. The increasing use of PEEK in orthopedic implants required
more research is required to fully understand the etching process and what its effects have
on a variety of topics.
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Appendix A
Summary of Results
Appendix A was included to summarize the results for each of the 36 experimental
conditions. Each experimental condition was summarized by the sample number, experi-
mental parameters, resulting properties, micrographs of the cross-section, and micrographs
of the polymer surface. The experimental parameters included the power, pulse duration,
and pulse spacing. The sample properties included the contrast ratio, contact angle, depth
of etch, and hardness. The magnification in the micrographs was taken at 200X. The as
received material was included at the end of the appendix.
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
1 
Power: 65% 
Pulse Duration: 10µs 
Pulse Spacing: .001in 
Contrast Ratio: 1.4 
Contact Angle: 100.9° 
Depth of Etch: 51.7µm 
Hardness: 22.2 Hv 
  
2 
Power: 65% 
Pulse Duration: 10µs 
Pulse Spacing: .002in 
Contrast Ratio: 1.0 
Contact Angle: 100.6° 
Depth of Etch: 25.2µm 
Hardness: 23.4 Hv 
  
3 
Power: 65% 
Pulse Duration: 10µs 
Pulse Spacing: .003in 
Contrast Ratio: 1.0 
Contact Angle: 99.9° 
Depth of Etch: 24.0µm 
Hardness: 23.8 Hv 
  
4 
Power: 65% 
Pulse Duration: 10µs  
Pulse Spacing: .004in 
Contrast Ratio: 1.0 
Contact Angle: 100.2° 
Depth of Etch: 10.2µm 
Hardness: 24.2 Hv 
  
 
Fig. A.1: The summarized results for samples 1-4.
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
5 
Power: 65% 
Pulse Duration: 15µs 
Pulse Spacing: .001in 
Contrast Ratio: 1.3 
Contact Angle: 105.5° 
Depth of Etch: 50.4µm 
Hardness: 22.3 Hv 
  
6 
Power: 65% 
Pulse Duration: 15µs 
Pulse Spacing: .002in 
Contrast Ratio: 1.0 
Contact Angle: 106.5° 
Depth of Etch: 38.9µm 
Hardness: 23.0 Hv 
  
7 
Power: 65% 
Pulse Duration: 15µs 
Pulse Spacing: .003in 
Contrast Ratio: 1.0 
Contact Angle: 105.7° 
Depth of Etch: 27.0µm 
Hardness: 23.0 Hv 
  
8 
Power: 65% 
Pulse Duration: 15µs 
Pulse Spacing: .004in 
Contrast Ratio: 1.0 
Contact Angle: 101.5° 
Depth of Etch: 16.3µm 
Hardness: 23.8 Hv 
  
 
Fig. A.2: The summarized results for samples 5-8
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
9 
Power: 65% 
Pulse Duration: 20µs 
Pulse Spacing: .001in 
Contrast Ratio: 1.4 
Contact Angle: 107.1° 
Depth of Etch: 50.5µm 
Hardness: 21.7 Hv 
  
10 
Power: 65% 
Pulse Duration: 20µs 
Pulse Spacing: .002in 
Contrast Ratio: 1.0 
Contact Angle: 102.1° 
Depth of Etch: 28.3µm 
Hardness: 23.7 Hv 
  
11 
Power: 65% 
Pulse Duration: 20µs 
Pulse Spacing: .003in 
Contrast Ratio: 1.0 
Contact Angle: 101.1° 
Depth of Etch: 27.8µm 
Hardness: 23.2 Hv 
  
12 
Power: 65% 
Pulse Duration: 20µs 
Pulse Spacing: .004in 
Contrast Ratio: 1.0 
Contact Angle: 101.8° 
Depth of Etch: 28.3µm 
Hardness: 24.1 Hv 
  
 
Fig. A.3: The summarized results for samples 9-12
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
13 
Power: 75% 
Pulse Duration: 10µs 
Pulse Spacing: .001in 
Contrast Ratio: 12.1 
Contact Angle: 107.8° 
Depth of Etch: 133.0 µm 
Hardness: 10.1 Hv 
  
14 
Power: 75% 
Pulse Duration: 10µs 
Pulse Spacing: .002in 
Contrast Ratio: 3.2 
Contact Angle: 106.7° 
Depth of Etch: 72.3µm 
Hardness: 17.3 Hv 
  
15 
Power: 75% 
Pulse Duration: 10µs 
Pulse Spacing: .003in 
Contrast Ratio: 1.3 
Contact Angle: 104.7° 
Depth of Etch: 35.3µm 
Hardness: 22.1 Hv 
  
16 
Power: 75% 
Pulse Duration: 10µs 
Pulse Spacing: .004in 
Contrast Ratio: 1.1 
Contact Angle: 104.5° 
Depth of Etch: 20.4µm 
Hardness: 22.4 Hv 
  
 
Fig. A.4: The summarized results for samples 13-16
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
17 
Power: 75% 
Pulse Duration: 15µs 
Pulse Spacing: .001in 
Contrast Ratio: 12.6 
Contact Angle: 110.4° 
Depth of Etch: 97.2µm 
Hardness: 9.9 Hv 
  
18 
Power: 75% 
Pulse Duration: 15µs 
Pulse Spacing: .002in 
Contrast Ratio: 3.4 
Contact Angle: 108.6° 
Depth of Etch: 99.9µm 
Hardness: 17.4 Hv 
  
19 
Power: 75% 
Pulse Duration: 15µs 
Pulse Spacing: .003in 
Contrast Ratio: 1.4 
Contact Angle: 106.1° 
Depth of Etch: 38.7µm 
Hardness: 21.8 Hv 
  
20 
Power: 75% 
Pulse Duration: 15µs 
Pulse Spacing: .004in 
Contrast Ratio: 1.2 
Contact Angle: 104.3° 
Depth of Etch: 34.0µm 
Hardness: 22.9 Hv 
  
 
Fig. A.5: The summarized results for samples 17-20
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
21 
Power: 75% 
Pulse Duration: 20µs 
Pulse Spacing: .001in 
Contrast Ratio: 12.3 
Contact Angle: 111.6° 
Depth of Etch: 126.3µm 
Hardness: 9.6 Hv 
  
22 
Power: 75% 
Pulse Duration: 20µs 
Pulse Spacing: .002in 
Contrast Ratio: 3.2 
Contact Angle: 109.9° 
Depth of Etch: 59.8µm 
Hardness: 17.5 Hv 
  
23 
Power: 75% 
Pulse Duration: 20µs 
Pulse Spacing: .003in 
Contrast Ratio: 1.3 
Contact Angle: 108.0° 
Depth of Etch: 58.4µm 
Hardness: 21.1 Hv 
  
24 
Power: 75% 
Pulse Duration: 20µs 
Pulse Spacing: .004in 
Contrast Ratio: 1.2 
Contact Angle: 103.7° 
Depth of Etch: 45.9µm 
Hardness: 22.8 Hv 
  
 
Fig. A.6: The summarized results for samples 21-24
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
25 
Power: 85% 
Pulse Duration: 10µs 
Pulse Spacing: .001in 
Contrast Ratio: 13.4 
Contact Angle: 118.2° 
Depth of Etch: 123.7µm 
Hardness: 9.3 Hv 
  
26 
Power: 85% 
Pulse Duration: 10µs 
Pulse Spacing: .002in 
Contrast Ratio: 10.0 
Contact Angle: 101.5° 
Depth of Etch: 152.9µm 
Hardness: 10.8 Hv 
  
27 
Power: 85% 
Pulse Duration: 10µs 
Pulse Spacing: .003in 
Contrast Ratio: 4.9 
Contact Angle: 103.1° 
Depth of Etch: 118.1µm 
Hardness: 17.5 Hv 
  
28 
Power: 85% 
Pulse Duration: 10µs 
Pulse Spacing: .004in 
Contrast Ratio: 2.4 
Contact Angle: 103.1° 
Depth of Etch: 76.1µm 
Hardness: 19.4 Hv 
  
 
Fig. A.7: The summarized results for samples 25-28
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
29 
Power: 85% 
Pulse Duration: 15µs 
Pulse Spacing: .001in 
Contrast Ratio: 13.4 
Contact Angle: 98.4° 
Depth of Etch: 125.8µm 
Hardness: 8.7 Hv 
  
30 
Power: 85% 
Pulse Duration: 15µs 
Pulse Spacing: .002in 
Contrast Ratio: 10.0 
Contact Angle: 119.7° 
Depth of Etch: 137.7µm 
Hardness: 10.3 Hv 
  
31 
Power: 85% 
Pulse Duration: 15µs 
Pulse Spacing: .003in 
Contrast Ratio: 4.9 
Contact Angle: 98.4° 
Depth of Etch: 106.7µm 
Hardness: 16.9 Hv 
  
32 
Power: 85% 
Pulse Duration: 15µs 
Pulse Spacing: .004in 
Contrast Ratio: 2.4 
Contact Angle: 92.6° 
Depth of Etch: 70.2µm 
Hardness: 19.7 Hv 
  
 
Fig. A.8: The summarized results for samples 29-32
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
33 
Power: 85% 
Pulse Duration: 20µs 
Pulse Spacing: .001in 
Contrast Ratio: 13.8 
Contact Angle: 95.5° 
Depth of Etch: 121.0µm 
Hardness: 8.8 Hv 
  
34 
Power: 85% 
Pulse Duration: 20µs 
Pulse Spacing: .002in 
Contrast Ratio: 10.3 
Contact Angle: 76.2° 
Depth of Etch: 141.3µm 
Hardness: 10.4 Hv 
  
35 
Power: 85% 
Pulse Duration: 20µs 
Pulse Spacing: .003in 
Contrast Ratio: 4.4 
Contact Angle: 96.0° 
Depth of Etch: 111.6µm 
Hardness: 16.7 Hv 
  
36 
Power: 85% 
Pulse Duration: 20µs 
Pulse Spacing: .004in 
Contrast Ratio: 2.2 
Contact Angle: 96.5° 
Depth of Etch: 69.9µm 
Hardness: 19.5 Hv 
  
 
Fig. A.9: The summarized results for samples 33-36
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Sample # Parameters Sample Properties Cross-section 200X Top Down 200X 
Base 
Power: - 
Pulse Duration: - 
Pulse Spacing: - 
Contrast Ratio: 1.0 
Contact Angle: 99.2° 
Hardness: 24.2 Hv 
  
 
Fig. A.10: The summarized results for the base material
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Appendix B
Cytotoxicty Testing Report
Appendix B was included to show the laboratory results from the outside testing lab
for the cytotoxicity tests. The results can be seen in the two page report from Nelson
Laboratories.
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